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NOMENCLATURE

A D ABpBo lees ftz/sec; also area, ft2
A 2KT£/8
Ap Flow area, &2, cross sectional area
B 82/12.1
C Seam length, ft; mean molecular velocity, ft/sec; speed of light, cm/sec
C 25/3 [8 ROT/ 1.'1\1]1/2
C* Relative mass concentration [C*z rA/ Pa ] , dimensionless
o
CD Discharge coefticient
Cm Mass conductivity, ft--lbm/sec--lbf
CMA Mass concentration of component A, [CMA =m A/ (m A + mB)l, dimensionless
Cp Constant-pressure specific heat, Btu/lbm R
C. Constant-volume specific heat, Btu/lbm R
CV A Volumetric concentration, dimensionless
d, D Molecular diameter, ft; diameter, ft
D Diffusion coefficient, ﬁz/sec
D B Binary diffusion coefficient, ftz/ sec
DH Hydraulic diameter, ft
Dt Tuft diameter, ft
F Compressive force, lbf/ in. 2, radiation interchange factor
f Dimensionless function of butted joint to depth ratio; friction coefficient
Fc Compressive force over the 1-g load caused by the earth's grav. field
G Grashof number; gravitational load
g, Gravitational constant, 32.2 ﬁ-—lbm/ b ¢ sec2
h Convective heat transfer coefficient, Btu/hr-ﬂ:z-—R
1 e Hext of vaporization, Btu/lb \
1 Radiation intensity, Btu/hr ft~ Steradian
J 778 ﬁ—-lbt/ Btu
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NOMENCLATURE (continued)

Thermal conductivity, Btu/hr-ft-R

Boltzmann constant = 5, 65 x 10-:24 ft-lbt/R

Extinction coefficient = a\ /47 ; or spec. heat ratio
Half the width of a batten, ft; or 1ength

Seam length, ft.

Moiecular weight, lbm/ lbm—mole; or Mach number
Mass flow rate, 1b/hr

Mole fraction

Number of increments, number of reflective layers
Layer density, layer per inch of insulation thickness
Avogadro's number, 2,74 X 1026 molecules/lbm - mole.
Knudsen number

Nusselt number

Number of tufts/in.2

Index of refraction

The number of layers above the layer of interest
Pressure, lbijftz, microns, Hg; resistivity ohm-cm; load, lbf
Environmental prz2ssure seen by the insulation, Ib f/ft2 or at orifice
Prandt]l number = }LCp/ K

Pressure inside purge bag at inlet orifice
Environmental pressure seen by the insulation, 1b f/ft2
Flow rate, ft3/sec

Heat flow to tank, Btu/hr

Heat flux, Btu/hr f’t2

Thermal resistance, Btu/hr-R

Universal gas constant = 1545 ft—lbt/ 1bm-mole R
Recovery factor

Reynolds number = PVDH/ K

Seam pin/grommet combination
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NOMENCLATURE (continued)

S Stress, psi

T Temperature, R

t Time, sec or hr

\Y Velocity, ft/sec; or volume, ft3

\4 Mass flow rate, Ib/hr

x, X Distance along batten, ft

y Distance in the transverse direction of the insulation
o Py ~Pg lbm/ft3; also radiation absorption

o o]
1 +.0277 Pr Re

w

Y Seam width, ft; also specific heat ratio

5 Distance between layers, ft, thickness of insulation blanket
€ Emissivity

e Outgassing rate, molecules/ftz-sec

n Associated with number of degrees of freedom for a molecule = CVMJ/R
A Mazan free path m, ft, wave length

m Viscosity, Ibm/ft-sec; microns

B Viscosity at 492 R, lbm/ft-sec \

v Molecular density, molecules/ft

£ Outgassing rate, micron cc.z Sec-1

p Mass density, lbm/ft3

PL, Layer density of a MLI, lbm/ in.z/layer

o Electrical conductivity ESU

T Relaxation time of the ele.ctrons in the metal, sec

w Radial frequency of radiation

Subscripts

A Species A, the solute

A0 Species A, pure state

B Species B, the solvent

B0 Species B, pure state
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NOMENCLATURE (continued)

Subscripts - continued

g Interstitial gas

i Interstitial

IS Insulation system

o, O QOuigassing constit» nt
p, P Purge gas

r Radiation

s Solid conduction

T Tank, total

w Water vapor



SUMMARY

This report covers the work performed under NASA/MSF C Contract NAS8-26129 by
Convair Aero3pace Division of General Dynamics, San Diego, California during the
period 17 June 1970 to 31 May 1972. Each major section is summarized below.

SECTION 2. INSULATION ENVIRONMENT

Review of a typical reusable space vehicle configuration, in conjunction with the
objectives of this contract, established a set of thermal and structural parameters
which were used in the development of the insulation system for the cryogenic tankage.

SECTION 3. DEVELOPMENT OF INSULATION MATERIALS

The materials studied were materials for radiation shields, spacers, blanket face
sheets, fasteners, purge bags and adhesives. Kapton material, goldized on both
sides with Dacron fiber tufts as the spacers, was selected as the radiation shield.
The fibers are attached to the radiation barrier with silane modified Crest 7343
polyurethane adhesive. A face sheet material, that retains its shape at 300F was
developed by coating Beta Glass scrim material with DuPont RC 4019 Pyre ML wire
enamel, a polyimide resin. PPO material was selected for fabricating lightweight
attachments including twin pin fasteners, grommets and reinforcement tabs.
Promising purge bag materials were found to be FEP (Fluorinated Ethylene
Propylene) film material bonded to a reinforcing material such as Epoxy pre-
impregnated glass fabric. It has the advantage of low permeability and outgassing,
high tensile strength and tear resistance and can be easily operated at temperatures
over 500F,

SECTION 4. SUPERFLOC DE VELOPMENT

During this study phase, flocked radiation shields (Superfloc) suitable for reusable high
temperature application were developed utilizing the selected materials of Section 3.
Acceptance tests were performed including manufacturing tests, cryogenic dip tests,
thermal expansion and cycling tests, compression and recovery experiments and
thermal performance tests. The structural and thermal acceptaace tests indicated
that while at 300F the silane modified Crest 7343 maintains adequate strength for
adhering the tufts to the goldized Kapton radiation shield. Tests indicated that after
compressive loads up to 10-2 psi Superfloc returns to within 97% of its natural density.
After subjecting it to cyclic load, the recovery was 92% after 100 cycles. The thermal
conductivity of goldized Superfloc with 3/8 and 1/2 inch spaced floc tufts was measured
by Arthur D. Little to be 1.37 x 1079 and 1.5 x 10-5 Btu/hr ft °F, respectively, at the
natural density of 30 layers per inch.



A Superfloc production machine was proposed by Schjeldahl Company of Northfield,
Minn. The budgetary estimate for this equipment is $127,000. The projected cost
for production quantities is $0.084 per sq ft.

SECTION 5. SUPERFLOC INSULATION COMPONENT DEVELOPMENT

The Superfloc insulation component development included blanket attachment design
trade offs, twin pin fastener arrangement studies, blanket core sheet tear out evaluation,
and alternate blanket attachments studies. Structural tests were conducted to verify the
component designs of the proposed Superfloc blanket insulation system. These tests
were conducted at the component and assembly level including grommet/core sheet/
adhesive tests, blanket flex and stress tests, reinforcement tab/face sheet tests,
fastener/link tensile tests, blanket-joint tensile tests and blanket vibration tests.

Sk.CTION 6. THERMAL ANALYZER PROGRAM MODIFICATION

The modification of the Thermal Analyzer Program was accomplished. This program
is documented in Convair's Computer Library as Computer Program P5431. The
program permits an analytical evaluation of the heat flow through a multilayer insulation
svstem from ground hold through boost to a space environment condition. Program
P5431 contains all the features of the original Convair Thermal Analyzer (P4560) plus
the ability to predict the interstitial gas pressure and the thermal resistance of this
interstitial gas. Test cases have been made to demonstrate that this program is in
running condition and ready for use.

SECTION 7. PURGE AND REPRESSURIZATION SYSTEM E VALUATION

Purge and repressurization systems were evaluated as follows: (1) Analyses were
performed to predict the concentration of a purge gas in an insulation system, (2) Helium
tests were conducted to verify the analyses and (3) Purge ccmponents were studied for
hardware develcpment.

The purging analysis included the development of gas concentration equations as a
function of time and location and the determination of the diffusion coefficient. Venting
characteristics of Superfloc insulation applied to the 105 inch MSF C calorimeter have
been investigated by numerical techniques to develop parameteric data. The results
show that for 30 layers/inch spacing, a vent valve with an equivalent orifice diameter

of 2 inches will evacuate the insulation to 1 x 10~% torr in 290 seconds. A series of
helium concentration tests were conducted to verify the purging analysis. Excellent
agreement was shown with the 100 volumes per hour purge rates. The predicted
values, however, did not agree with the 10 volumes per hour test data. The discrepancy
is due to difficulties in obtaining accurate tests at such low flow rates which introduce
eddy diffusion and flow circulation. The purge test indicated that for a 22 layer blanket,
16 inches wide, at a distance of 4 ft from the inlet and a flowrate of 10 volumes per
hour, 30 minutes are required to reduce the air concentration to five percent. It
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took approximately three minutes to achieve a 5% air concentration at the same location
for a flow rate of 100 volumes rner hour. The results obtained from a vertically mounted
test panel indicated that purging takes less time when the helium gas is directed in an
upward direction.

Typical purge hardware including the purge bag, the necessary valves, ducting,
orifices, pressure transducers and helium distribution manifolds were preliminarily
analyzed for ground hold, boost and re-entry conditions.

SECTION 8. 105-INCH MSFC CALOIl I"'IETER INSULATION AND PURGE /RE PRESSURI-
ZATION SYSTEM EVAI' "ON AND SELECTION

Nine basic insulation purge and repressurization systems were identified, design
layouts were made and evaluated. Three additional alternate design layouts were
created using some of the arrangements from the original layouts coupled with external
purge bags. The above activities were summarized on evaluation charts. Thz effort
was concluded by rating each system and recommending one for the final design. The
rating indicated that the system utilizing an internal fairing, purge bag and complete
purge gas distribution system was the best concept due primarily to its purge
efficiency and structural integrity.

SECTION 9. MLI AND PURGE /PRESSURIZATION SYSTEM PRE LIMINARY DESIGN

The firal preliminary design "Internal Fairing and Purge Bag With Complete Gas
Distribution' includes a zeneral arrangement, details of pertinent areas, assembly
procedures, external intertaces, weights, materials, operating conditions, surface
areas and purge gas cavity volume. The design consists of a heat exchanger coil
wound to the neck of the tank, a rigid penetration panel, incorporating instrumentation
and gas feed fittings, a fairing which envelopes the tank, a Superfloc MLI layup applied
in 18 gore sections (2 blankets) over the fairing and an external bag enclogure for
containing the purge gas. The configuration is arranged such that instrumentation can
be installed at the inboard or outboard sides of the fairing without penetrating the MLI
or the fairing wall. The fairing is equipped with purge pins for distributing gas
between the MLI layers. The annulus cavity between fairing and tank acts as a plenum
chamber for the purge gas. The total system weight is 197.51bs or .66 1ba/ft2 of tank
surface. The final design including important details is presented in Figure S-1.
Insulation system design data are shown in Table S-1. An instrumentation layout was
developed which locates temperature pick-up points for the MLI s:’stem, the fairing
bag enclosure, tank wall, internal stand pipe and gas cavities in the ullage region.

SECTION 10, THERMAL E VALUATION OF THE FINAL DESIGN

The thermal performance of the 105 inch tank insulation system was evaluated using the
same approach used successfully on Convair's 87 inch tank,
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The results of the predicted thermal performance data are presented in Table S-1.

Table S-1. Superfloc MLI System Design and Performance
Data, 105 Inch MSFC Calorimeter

DESIGN DATA

Taok Surface: 300 ft2
Tank Capacity (LHy): 450 ft3
Type of MLI: 30 gauge DGK Superfloc density 30 layer/inch. Calorimeter

K = 1.37 ~ 1079 Bru/hr ft °F; 0.00216 1b/ft2; p = .778 1b/ft3;
ok =1.066 x 10~9 Btu-lb/hr ft3°R

Face Sheet: Beta glass scrim coated with Pyre M. L. enamel, goldized both
sides, 2.602 oz/sq yd (. 0182 lbs/ft2), .007 in. av. thickness

Purge Bag: 2 plys of Epoxy/PRD-48

Fairing: Epoxy/PRD-19

Blankets: 2 blanket layers, 28 core sheets and 2 face sheets/blanket
Gore Section: 10° gore, 9 required per blanket layer

No. Support Pius: 27 total

No. Twin Pin Fasteners: 345 per blanket layer PPO material

No. Purge Pins: 28 total (PPO material)

Length of Seams: 146 ft/blanket layer

MLI System Layup Thickness: 3.75 inch

MLI Weight: 197.5 Ibs; or .66 1b/ft2

MLI Volume: 97 13

MLI Average Area: 318.4 ft?

System Density (°): 2.04 Ib/ft3

Purge Gas Vent Valve: 2 in. dia.; Venting to 10-4 torr: 290 seconds

THERMAL PERFORMANCE

530-37°F : Heat Leakage (Btu/hr) Percent of Total
Seams 2.7 11.7
Pins 9.81 41.5
MLI, Liquid Region .04 38.2
MLI, Dome Region 2.04 8.6
Entire System 23.66 100.0
Heat Flux: 0.0742 Btu/hr £t2
Effective Conductivity, Keff: 5.0 » 10™° Btu/hr ft °R
Systern pK Product: 10.2 x 1073 Btu Ib/hr £t R




SECTION 1

INTRODUCTION

The use of cryogens as fuel for space vehicles requires the incorporation of a thermal
srotection system to minimize propellant heating and thus, increase propellant storage
capability. High effectiveness of these protection systems is achieved by a series of
radiation shields of low emissivity. The shields are separated by low heat conducting
spacers. Integration of such a multilayer insulation (MLI) system with the vehicle
tankage offers an opportunity to optimize the total structural and thermal systems of
the vehicle from the standpoints of performance as well as manufacturability and
maintenance. The development of the MLI and its design is strongly dependeni upon
the environments in which the system must function.

For the past eight years, Convair Aerospace has been engaged in developing multilayer
insulations for long term cryogenic storage. The development effort resulted in an
insulation concept using lightweight radiation shields, separated by low conductive
Dacron fiber tufts. The insulation is usually referred to as Superfloc. The fiber tufts
are arranged in a triangular pattern and "stand" about . 040 ini. above the radiation
shield base. Thermal and structural evaluation of Superfloc indicated that this material
is a strong candidate for the development of high performance thermal protection
systems because of its low "pk factor, " its high strength, purge gas evacuation
capability during boost, its density control and easy application to a tank.

The work culminated in the development of a flightworthy MLI system which consisted
of an 87 in. dia, oblate spheroid, aluminum tank insulated with 2 blankets (44 layers)

of Superfloc. The sysiem w1s designed to withstand the Saturn V launch environment.
During an experimental program it was verified that this flight weight system meets

all ground hold, boost and space storage structural and thermal requirements. The pk
product (density times thermal conductivity) of this system ai the temperature range
between 540 to 40R is 8.2 Btu-lb/hr ft4 R. This is the lowest pk factor reported to dawe
for an installed large tank insulation system (see Cryogenic Techaology Journal Jan/Feb
1971, "Flightworthy, High Performance Ingulation Development. ")

The obiectives of the program described in this report were to develop an insulation
system based on the Superfloc concept, capable of adequate performance for 100 mission
cycles, lasting several years and capable of withstanding temperature extremes of -423
and 300F. The application model for this type of insulation system is a liquid hydrogen
tank for an orkit maneuvering system, typical of reusable space vehicles. The new
Superfloc insulation system was to be designed for the 105 inch MSFC Calorimeter as
defined by Drawing SK30-4243. In order to meet the objectives the program was
conducted in nine subtasks:
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1. Definition of the Insulation Environment

2. Development of Insulation Materials

3. Superfloc Development

4. Superfloc Insulation Component Development
5. Thermal Analyzer Program Modification

6. Purge and Repressurization System Evaluation

7. 105-Inch MSFC Calorimeter Insuiation and Purge/Repressurization System
Evaluation

8. MLI and Purge/Repressurization System Preliminary Design for the
105-Inch MSFC Calorimeter

9. Therm al Evaluation of the 105-Inch Calorimeter Insulation System Final
Design

Tasks 1 and 2 present the study of the environment and the evaluation of insuiation
materials suitable for this environment. During Task 3, high temperature, reusable
Superfloc radiation shields are developed and manufacturing methods are improved.
Task 4 presents a study of the techniques necessary to improve the structural and
thermal performance of the insulation blanket concept developed under NASA Contract
NAS8-18021, '"Cryogenic Insulation Development.' The purpose of Task 5 was to
modify an existing Convair Acrospace thermal analyzer program which was utilized
for the analysis of the 105-Inch MSFC Cryogenic Calorimeter Thermal Protection
System. During Task 6 equations were established which can be used for calculating
the concentration of inert gases in a purge system. The equations were experimentally
verified. Design concepts for the 105-Inch tank purge and repressurization system
were studied and evaluated .n Task 7. The objectives of Tasks 8 and 9 were to design
and thermally analyze a purge and repressurization system for the 105-Inch MSFC
calorimeter.
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SECTION 2
INSULATION ENVIRONMENT
The following sections list the requirements which were used as a guide line during the
development of a reusable insulation system. The information is based on Ref. 2-1.
2.1 APPLICATION MODEL

The application model for the MLI system design is the tauk for an orbit maneuvering
LH2 propulsion system.

Orbit Maneuvering 105~Inch T=st

LHo Tank Calorimeter
Tank Volume (Approximate) 1115 ft3 450 ft3
Tank Area (Approximate) 520 ft2 300 ft2
Temperature Range 300 to -420F 300 to ~420F
Mission Cycle 100 100
Misgsion Duration 30 days 30 days

2.2 VEHICLE "G'" LOADING

Typical reusable vehicle '"G" loadings during boost, staging, reentry, flyback and
landing are presented in Table 2-1 and Figure 2-1.

Table 2-1. Typical "G" - 1 ey ——T—
i |
Loading of a Reusable i : -
Vehicle _ i __ ._ ORBITER
- ENGINE THROTTLING o
_ e z S : : 3
e o JRUR SOUR FRN Y <% SO S
Load Application G Loading 5 ) ! )
z I
(o | s H
Booster Loogiudinal 4.0 £0.5 = I b - NS B
Vertical 1.0 0.5 ; ' ;
Lataral 1.0 £0.5 z 2 T o v v
Q -4 + J —_— P
Booeter Engine Longitudinal 3.0 £2.0 - r | ‘5 !
Shutdown and  Verucal 1.0 £1.0 2 ' : ! .
Staging Lateral 1.0 1.0 z : ) I j TR e — 4_*); B kit Sk o
JEEU U SR i .
Reentry Longitudmal 0w £0.5 i | _ R + T ; ; ;
-0.5 1 i i s J SRS R S B R -
\ertical 2.0 £1.0 SR VR A S . | L -
Lateral 6.5 2.0 ; ' H I , T'i T.,. P IS e -
Flybeck Longitudinal 0.5 0.5 0 J H ! i : T J ;
Vertical 2.0te 21,0 0 80 160 240 320 400 480
1.0 TIME FROM LIFTOFF, sec
Landing Loogitudinal 0.5 £0.5 . . . .
vertical 268 £2.0 Figure 2-1, Typical Axial G-Loading for a
Lateral 0.5 +u3 Reusable Vehicle
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The loads used for the insulation design were as follows:

Axial Acceleration: 3.5g
Lateral Acceleration: 2.5¢g
Safety Factor: 1.4
APmax Across MLI Blanket: 0.01 psi
APpax Across Purge Bag: 1.5 psi

2.3 ACOUSTIC AND VIBRATION LOADS

At launch the acoustic pressure level internal to the heat shield is estimated to be 145
DB. A typical vibration level for the orbiter vehicle is shown in Figure 2-2.

1 La MM g an ae e s o oy - T o o
FREQUENCY ACCEL. SPEC. DENSITY- - Hi-—i—1— ]
20 to 180 HZ 2 x 1072 g2 Mz T
180 to 700 HZ 6 DB OCTAVE T
700 to 2000 HZ 3x1070G2Mz T T
N i i
= |
. o
o i
E‘ PN
N
H . o . -1
&5} L. . s e o
(= FE Pl
s B :
B oo imid Bep FREQUENCY  ACCEL. SPEC. DENSITY
z ol T 20 10 50 Bz +9 DB/OCTAVE
= : T EHEE 50 to 2000 HZ 2x10-2G%Mz A
é et & = FE S P R gy -.,__! A
E s SN SO _..r_i _._:. e T i A :
8 LOCATIONS AFT OF STA 1600 - R
o _ 21.5 G RMS (AFT 1/3 OF LHy TANK) ]
+ — — — INTERNAL LOCATIONS FWD OF STA
= 1600 - 6.3 G RMS (FWD 2/3 OF LH, -
B s s TANK) '
10 | th ol i ] " iy Lo ) 0 ] 1L ) P 1 TN} L 1 1 I L 1 o | L 1 o |
10 100 1000 5000

FREQUENCY, HZ

Figure 2-2. Typical Vibration of the Orbiter Configuration
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SECYION §

DEVELOPMENT OF INSULATION MATERIALS

Continued development of high performance multilayer insulation (MLI) systems requires
periodic scanning of potential materials. Until recently, most MLI systems had been
designed for "one-shol” missions such as deep space probes. These systems were
required to survive one vehicle launch and to provide thermal protection for cryogens

for long periods of time. With the advent of reusable space vehicles, the operating
conditions of the MLI systems have been drastically altered, requiring considerable
system redesign.

Possibly the most critical of the new operating environments is that of the high tempera-
tures experienced during vehicle entry into the atmosphere. Based on present heat
shield designs, it is anticipated that the hot boundury layer gases entering the vehicle
will cause the outer insulation layer temperature. to rise to approximately 300F. Most
of the materials used in current MLI system designs become marginal at this high
temperature, and any increase in temperature requires their replacement.

The insulation concept rader consideration is a system using lightweight radiation
shields separated by low-conductive needles. The radiation shields are contained in a
bag that can be purged during ground hold and repressurized during vehicle re-entry.
The insulation is usualiy referred to as Superfloc (Ref. 3-1). Fiber flocking is used to
separate the reflective layers gsince it provides low-conductive paths between layers.

A plan view, side view, a stack of Superfloc radiation shields and a blanket sample are
shown in Figure 3-1. The Superfloc concept is an outstanding candidate for insulating
cryogenic tankage of reusable gpace vehicles when considering such faciors as ok,
structural strength, purging, venting, repressurization, density control, and insulation
application (Ref. 3-1).

The candidate materials considered for radiation shields, spacers, face sheets,
insulation fasteners, adhesives and purge bag materials are discussed in the paragraphs
below.

3.1 RADIATION SHIELDS

A literature search was initiated to find film materials suitable for reusable applicaticn.
High temperature and tensile tests were corducted to screen the materials under
consideration. Optical requirerments were determined by a film coating analysis.

3.1.1 PROPERTIES OF POLYMERIC FILMS, Several polymeric films were considered
for use in the new reusable MLI. The radiation shield previcusly used in the Superfloc
MLI configuration is 0.25 mil Type S Mylar (DuPcat) polyester film with vacuum deposited
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SUPERFLOC TUFT, SIDE VIEW

STACK OF SUPERFLOC
RADIATION SHIE LDS

BLANKET SAMPLE

Figure 3-1. Superfloc Insulation Material

aluminum, approeximately 2580 angstroms thick, on both sides. The properties of this
and three other candidate films are shown in Table 3-1. Mylar, Kimfol (Kimberly
Clark) polycarbonate, and Lexan {General Electric) polycarbonate are all at their
maximum useful temperature at 300F with no real margin for safety. The Kapton
iDuPont) polyimide retains 70 percent of its room temperature sirength up to 400F.
The polyearbonates are altractive primarily due to their comparatively lov specific
gravity, ard Rimfol is available in thicknesses down tu 0.08 mil. Kapton, while
slightly heavier than Mylar, has the same room temperature tensile strength and is
seli-extinguishing. Although the minimum Kapton gauge avail:ible is 25, this is the
minimumn thickness of any of the polymeric films which can in practicality be gsold
coated. Kapton does have a higher moisture regain than the other materials; however,
the surface metallizing minimizes the importance of this factor. Moisture regain is
the percent weight gain of an iritiallv dry material due to water absorption at a
specified «emperature and relative humidity. Material outgassing is directly pruportional
1o the magnitude ¢ moisture regain.

3.1.2 PRELIMINARY HICH TEMPERA TURE SCREENINC TESTS. As part of the initial
screcaing a number of the materials described above were subjected to exposure to high
temperatures for various lengths of time. The purpose of 1 se tests was to {ind which
of the materials exhibited visual degradation at the " “vated emperature. Kapton
materials showed ne gpparent degradation after beius expo.zd 1o 400F air for up
five hours.
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Table 3-1. Propert:-s of Polymeric Films

MYLAR "A"* KIMFOL® LEXAN ** KAPTON "H"*
POLYESTER POLYCARBONATE POLYCARBONATE POLYIMDDe
PROPERTY (DuPont) (Kimberly Clark) {General Electric) (DuPrnt)
Max. Rec. Service 300 275 270 1750
Temp. (°F)
Specific Gravity 1.395 1.21 (D792) 1.2 1.42
Moisture Regain (%) 0.37@73°F,50%RH 0.4@24 hr emersion  0.15873°F,50%RH  1.3@73°F, 50%RH
Tenslle Strength (ksi) 25 MD 31 *+* 8 25
cbh 1l
Burst Strength-Mullen
(psh) 66 (1 mil) 28-32 (0.4 mil) 75 (1 mi})
Inftial Tear Strength-
Graves (gm/mil) 600 (1 mil) - - 519 (1 mi})
Propagating Tear
Strength - Elmendorf |
{gm/mil) ’ 15 -- 10-16 8 (1 ndl)
Trermal Cond ctivity
(Btu/hr-ft-"R) ‘0.083 & TT°F 0.11& 17°F 0.118 17°F 0.090 @ TT°F
Specific Heat (Btu/L-*R)" 0.315 0.28 « 0.30 0.261
Rate ot Burnire Slow Moderate, can be Stow Self-ext.

made {lame resistant

Mintmum Thickness
Available (nul) 0.15 0.08 0.50 0.25

L] Data obtained from vendors’ »n-aduct bulletins.
s Doty oitaieed from Nererence 3-7.
e=es MDD =~ achine direetion; Ch = cross direction

The thin (11 gauge) Kimfol film appeared to suffer rather severe shrinkage and wrinkling.
The same was true of Mylar but to a lesser degree. DuPont liter ature states that Mylar
will strain relieve (shrink) approximately 1.5 percent after a 30-minute exposure to 302F
air. This was found to be the case. These initial tests indicated that goldized Kapton
was the best material considering a 300F temperature level. Mylar on the other hand
appeared to be marginal. Test results are presented in Table 3-2.

3.1.3 TENSILE STRENGTH TESTS. Tensile strength tests were conducted on Kapton
and Mylar, both double goldized, to determine the structural strength of these materials
in the temperature range between -520 to 300F. These tests were needed to give
quantitative information to be used in the insulation system design. Nine DGK (30 gauge)
and eight DGM (25 gauge) specimene, 1 X 10 in. in size, were tested. The results are
shown in Table 3-3.

3.1.4 GOLD COATING THICKNESS ANALYSIS. I'is important that the quality of the
double-goldized Kapton be checi-ed beforc it is used as a radiation shield. This point is
clearly illustrated in Figure 3-2. Sections from two different rolls of G-K-G were placed
on a light table. Both rolls were from National Metallizing Company, Cranbury, N.d.
The top and bottom halves of Figure 3-2 show the sections from the first roll and second
roll as received respectively. The figure shows that the material in first roll is
significandy lighter in the middle than at the edges and that even where it is darkest it
ig not 48 dark as the middle of the second roll. While the variations in the second roll
are not as noticeable as the first roll, it can be seen that the edges are lighter than the
3-3




middle section. In general, the light sections indicate where the gold film is too thin.
The radiation shields under consideration may be thin sheets of Kapton evapuratively
coated with gold. The reflectance of the coated shield depends on the conditions existing
during the evaporation of gold during the manufacturing process including quality of
vacuum, deposition rate snddistribution which determine the thickness of the gold.

Table 3-2. Preliminary High Temperature Test Results

MATERIALS TESTED

AMA(25 gage) - 7343/Silane-Nomex

GK(50 gage) - 7343/Silane-Nomex

AMA @25 gage) - 7343-Dacron

GM(50 gage) - 7343/Silane-Nomex

GM(25 gage) - T344-Nomex

AMA(25 guge) 7344-Nomex

Dacron Net
PPO-534 Rod 3/16" diameter

Lexan Grommet

X~-850 - Aluminfzed
MDM-1506 ~ Not Aluminized

KIM - Aluminized

KIM - Not Aluminized

Slight shrinkage of AMA

None

None

None

Adhesive became darker in color:
darlness increased for sample held
in oven for 5 hours over one hour
sample.

None
None

Distortion of grommet: distortion
greater on § hr test over 1 br test.

Serious degradation — Dacron det

Moderate degradation: surface ahine
and smoothness.

- q

400°F TEST

300°F TEST - APPARENT CHANG$

appeared to shrink more than Mylar.

Aluminized surface had slight loss of
shine; adhestve became darker and
while hot could be rubbed off.

Adhesive became darker in color and
while hot lost strength.

Aluminized surfsce lost shine; ad-
hestve became darker and while hot
lost sfcength.

Severe loss in shine of goldized
surfece.

Slight loss in shine of goldized
surface.

Slight loss of shine on aluminum sur-
face. Adhesive became darker (than
300°F test sample).

Severe degr. ;strength, shrink. & color. )

Table 3-3. Results of Tensile Strength Tests of Double Goldized
Kapton and Double Goldized Mylar (1x10 Inch)

Double-Goidizec Kapton Double+Goldized Mylar
Temp. |Ult. Load | Avg. Ult. Temp. Ult. Load | Avg. Ult.
(°F) (1bs) Load (Ibs) (°F) (bs) | Load (bs)
RT 5.37 5.31 RT 4.61 3.70
5.57 2.64
5.00 3.84 -
300 2.50 3.57 300 1.90 1.77
3.72 1.95
4.48 1.46
-320 9.10 10.5 -320 { 8.5 8.4
11.55 -
10.80 ) 8.3
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Figure 3-2. Variation in Gold Thickness on Kapton

The laws governing the transmission of electromagnetic radiation through a metal {ilm
are such that an infinite thickness of the material is required, in theory at least, to
completely block the radiation. In practice, a relatively thin {ilm can effectively block
almost all radiation. The selection of a film thickness then is not a matter of chosing
the thickness which is completely opaque but a matter of selecting the thickness which is
sufficiently opaque for the desired performance.

3.1.4.1 Film Thickness Trade-Oifs. If the film is relatively thick the reflection will be
very high and a negligible amount of energy will be transmitted. On the other hand, the
thick {ilm will provide enhanced lateral heat conduction to the standoff units and thus leads
to increased conductive heat transfer. [ the film is relatively thin, there will be some
transmission of energy with a reduction in the reflectance; conductive heat transfer will,
of course, be less. The situation is further complicated by the fact that for a given
metallic film, transmission increases with increased wavelengths, i.e., the film
becomes more transmissive in the infrared. At 10 microns a film thickness of 360 A is
required to limit transmission to 0.5%; 1100 A is required for the same limit at 100
microng, see Table 3~4, This table was generated by using the equations shown in
Section 3.1.4.5.
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Table 3=4. Coating Thickness Since it is impossible to obtain a sufficiently thick
Requirements Vs Wavelength  coating to be completely opaque and since there are
for 99.5% Effective Intensity disadvantages to coatings which are too thick or too

thin, coating thickness optimization is required.

A) Thickness {d) A The complexity of the determination of the optimum
10 360 thickness, if all pertinent variables are considered,

100 1100 was beyond the support available for this program.

200 1630 This trade-off study would require a special mathe-

matical analysis of the superinsulation and could
probably best be performed by means of a computer program. It is possible, however,
using some reasonable assumptions to arrive at an approximate required coating thickness.

3.1.4.2 Assumptions. The following assumptions were made: (1) The emittance from
a gold-coated Kapton surface is 0.02 and the reflectance is 98.0. (2) Assuming thata
transmittance of 0.5 % is acceptable at the infrared frequency below which 95% of the
blackbody energy occurs for the temperature of the coldest part of the system. (3)
Kapton material to be the base film.

3.1.4.3 Effect of Film Transmission on Emittance. First consider an essentially
completely opaque film of gold which has a reflectance of 0.99 and thus an emittance

of 0.01. A beam striking this surface would be 99% reflected and one percent absorbed
in the gold film, as shown in Figure 3~3. Now, consider the problem of the reflectance
of the film which allows significant transmission. If the film transmits 0.5% of the
radiation into the Kapton (where it will be almost completely absorbed), the incident
beam can then be assumed to have an effegtive intensity of 99.5% (since 0.5% is absorbed
in the Kapton), and applying the reflectance value of an essentially complete opaque gold
film (Figure 3-3) to this effective intensity, the reflected percentage of 98.5 is obtained,
see Figure 34,

KAPTON

Figure 3-3. Radiation Shield Absorption Figure 3-4. Radiation Shield Absorption,
and Reflection Schematic Reflection and Transmission Schematic
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3.1.4.4 Wavelength Considerations. It is necessary to know the wavelength region of
importance when computing the gold film thickness required. The colder the radiating
surface, the further into the infrared the peak of the radiation will be located. The
temperatures oi the two shields of the 87 inch Convair Aerospace tank, (45 layer Superfloc
insulation system, Ref. 3-2), which would be the coldest have been used as an example to
calculate the blackbody spectral emissive power curves as shown in Figure 3-5. These
curves were derived from blackbody tables given in Reference 3-3. Curves are plotted
for the first and second radiation shield at 58K (104.4R) and 89K (160. 2R) respectively.
At 58K, the wavelength increment out to 205 y encompasses 95% of the blackbody energy.
10.0 This is the wavelength

! taker. for computation of
- the gold coating thickness

pe ! | actually required at this
7 ' | location.
TN T 3.1.4.5 Calculation of
/ . - - : Gold Coating Thickness.
L 14 ‘ The gold coating thick-

ness calculation assumes
that the gold transmits an

3 1o JI acceptable amount of 0.5%
< T \V__ T= 89K radiation into the Kapton
& II Vi Y SFCOND SHIELD film and that the maximum
b ] T OINTL\ wavelength is 200 p as

2 Ji i \95,_, explained above to

o _ N ’ provide the required

5 [I 4% TSE ypiamed opacity. The thickness

; X. \ / REF. 3«3 is derivable from the

7 relation dl = Iydx where

& N X 7% I is the intensity, « is

2 / \ the absorption, and x is

é 0.1 T = 56K the distance.

9 1 » FIRST RADIATION

% \ SHIELD !

a - The solution for this is

§ 11 \ I =1,e7X where a =

g 1 il (4 1k)/)\ (References 3-4

i I i 5% &\\7_ BLACKBODY and <-5), and k = extinction

\ :E“QC’;{‘;“ coefficient. Thus

e

]

1.
I
o

The circumstance where
r 100 ' 1000 the intensity falls to 99.5
WAVELENGTH, ¢ % of its original value is

Figure 3-5. Blackbody Spectral Emissive Power for 58K & 89K given by
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ln-ll- =1n (.005) = -

- LT
= E
. -~ .
4nkx

where x = (5.3 A)/(4 7k).

A

Values for the extinction coefficient k are taken from Reference S 6 and are shown with
n (the index of refraction) and reflectance R in Figure 3-6. The calculated values for n
and k are derived for the longer wavelengths where no published data exist and
where in theory n=k. In these regions wr<< 1 where w is the radial frequency of
the radiation and T is the relaxation time of the electrons in the metal. Although
the two curves in Figure 3-7 are derived from two different equations: one using

10, 000
A4
3 1,000 —=—
d ”" &Q
S
<z .
z g 100 Va — e e e e 100 .
<f : o
é 8 10 4 — 10 8
59 AT z
=S - s F
1 "'7‘L d
B E - \ e 1 2
O \ /
N8 \
2 & 1 w1
Zw .1 1.0 1000. 00
WAVE LENGTH,
Figure 3-6. n, k and Reflectance Values
5, 000 e e R L T L P T T LT T i
Gl LR T TR 0.5% OF INTENSITY | S s o 3
HiRE PEL L L EEE Lolflp = - @rkx)/A | \&;’"f‘ Th
____ F ::':'::.:.':.":L;_'_.-l':_ ] 1.1 : -7 !
o B SREE: RN % I i o2 S G % & ::E:F'j i ST
1000k b T A
" ¥ = 1+
E N ' LU .
A
g t : : :
0.5% OF INTENSITY 1 | I HH
VeXlo ::i
e :
100 r 1]
1.0 10 1,000

WAVELENGTH, ()

Figure 3-7. Thickness of Gold for 99.5% Extinction



elecirical conductivity and wavelength; (x = 5.3/47 NEV:‘T), while the other uses the
extinction coefficient k, coincidence is shown for the longer wavelength. It is seen from
the 58K curve in Figure 3-5 that at 205y the blackbody fraction is . 95 and by reference to
Figure 3-7, it is determined that the thickness of gold required to obtain 99. 5% extinction
at that wavelength is about 1650 A. By reference again to Figure 3-5, it is seen that at
58K, the blackbody peak occurs at about 50 u, and by reference to Figure 3-7, 780 A
thickness of gold are required for 99. 5% extinction at this wavelength.

3.1.4.6 Film Thickness Measurement. The standard method for thickness measurement
by metallizing companies appears to be measurement of the resistance of the metal coat-
ing in terms of "'ohms per square.' Knowing the resistivity P of gold to be about 2.24 x
106 ohm-cm the measured resistance R per square can provide the thickness t =P /R.
Since the resistance is small, resistance determination can be made with instruments
such as the Kelvin bridge. Ordinary precautions in minimizing contact resistance are
obviously needed. However, the null method of reading against a calibrated resistance

in another arm of the bridge eliminates instrument errors. Kelvin bridges measure to
hundredths of microohms and have reading accuracies of 0.05%.

The resistance measurements would be adequate if there was some assurance of film
uniformity. But unfortunately, there is likelihood of considerable thickness variation
and auxiliary methods of checking the thickness are required.

Interference measurement is another method which could be used to determine the coating

thickness. These measurements require the presence of a "step;' that is, an area which

is coated with the film, the thickness of which is to be measured and is adjacent to an

uncoated area (Figure 3-8). Such a step could be created during the evaporation »rocess
by covering or shielding a small area with a small

STEP shield in the form of a piece of plastic. This shield
would be removed from the plastic after the evaporation
GOLD ] | GOLD process is completed and the section of the plastic
KAPTON containing the step cut out of the main sheet for
measurement.
Figure 3-8. Coating Thickness
Spot Checking by Inter- Interferometric measurement technique is highly
ferometry reliable and capable of measuring within a hundred

angstrom thickness. There are at least two
commercial instruments available on the market suitable for making these measurements.
Cne is the Zeiss Interference Microscope and Flatness Tester and the other is the Sloan
Angstrometer. Because the sample must be cut out of the material in order to use this
method and because of the general nature of the method, it is not recommended as a
routine quality control device but rather as a means to calibrate the resistance measure-
ments and to allow periodic spot checks of the performance of the munufacturer's
evaporator,

3.1.4.7 Reflectance Measurements. The final confirmation of shield reflectance should
be determined by actual measurement of the directional reflectance of the gold surfaces.
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These measirements should be made over the wavelengths of interest; that is, from two
to 205 micrcns. It is recommended that most routine reflectance measurements be made
on samples out to 30 microns. The measurements to long wavelength show the quality of
the evaporation process and reveal any inadequacies in film thickness through the
occurrence of increased emittances.

3.2 SPACERS

3.2.1 PROPERTIES. The current Superfloc spacer configuration utilizes 0.040 inch
long, 3 denier, Dacron flock bonded with Crest 7343 polyurethane adhesive in a triangular
configuration with 8/8 to 1/2 inch tuit spacing. The properties of this and various other
staple fibers are shown in Table 3~-5. All except sil« will meet the 300F temperatuvre
constraint. Dacrcn was chosen for the Superfloc application because of its high tenacity,
low moisture regain, and low weight. Nylon polyamide, silk, Nomex polyamide and PBI
all have at least ten times the moisture regain of Dacron, an important property of the
exposed spacer system. Kodel polyester has a comparable moisture regain and lower
weight, but its breaking tenacity is considerably lower than that of Dacron. Teflon and
'"E'" glass have virtually no moisture regain and can be utilized at temperatures greater
than 400F, but they are also much heavier and have a higher thermal conductivity than
that of Dacron.

3.2.2 PRELIMINARY HIGH TEMPERATURE SCREENING TESTS. Two candidate staple
fibers, Nomex and Dacron, were tested for five hours at 400F (Table 3-2). There was
no noticeable discoloration or loss of strength

Table 3-5. Properties of Staple Fibers

Dacron® [Nylon G* Kokel ® Teflon ** Nomex ***
Polyester|Polyamide Polvester |Fluorocarbon | Polvamide "E™ ** PRI #**
Property [(Dul’om) (DuPont) Sitk* (Eastman) |(DuPont) (Dubont) Glass Celanese
Effect of Heat Melts at | Melts at | Disinte- Melts at Melts at 620F ,|Does not melt, {Softening [Shrinks
180F 420F, grates 550F nondegradec |degrades abovelat 1540F, [at 1500F |
vellows | at 340F at 400F, suiu- |700F,at 480F {at 700F i
after i lLimes 0.0002% |has 60% at RT |has 50% ‘
5 hrs at per hr at 550F strength atRT
300F strength l
Moisture Regain (%) 0.4 4.0 11.0 0.4 0 5.0 0 13.0 1
Specific Gravity 1.38 1.14 1.25-1.35| 1.22 2.3 1.38 2.54 --
Breaking Tenacity (gpd)®) | 3.8-4.3 | 3.8-5.5 [ 2.8-5.2 | 2.5-3.0 1.6 i 5.3 6.0-7.3 |4.9 !
Elastic Recovery (%) 0 @ 8% | 100@2% | -~ 90-97 @2 ¢|-- 100 @ 4% 100 @2, -- .
Average Stiffness (gpd) 12 17-20 18 11 12 24(b) 322 105
Thermal Conductivity 0.099 0.143 -- ~0.1 ~0.14 0.075 0.6 ~- \
(Bw/hr-ft R) ]
Specific Heat (Btu/1b-R) ~0.5-0.6] 0.6 -— ~0.5-0.6 |0.25 0.29 0.19 -- i
Rate of Burning £ ow Self-ext.| Moderate | Slow Nonflam. Self-ext. Nonflam. Nonﬂam.l.
1
(a) Grams per demer * Data from Reference 3-7. i
(b) Calculated **  Data from Refereace 3-8. l
***  Data from Vendor P1 duct Bulletins
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3.3 FACE SHEETS

Face sheets are used for structural support for a blanket of multilayer insulation (MLI)
radiation shields and spacers. A face sheet is placed on each side of the blanket to
protect the core sheets from rough handling and to take the loading that the insulation
will experience during a mission. Requirements are that the face sheet be formable, be
able to retain its form at temperatures from -420 to 300F, and maintain a strength of
2.5 lb/inch of width (Section 5.1.1).

3.3.1 MATERIAL, CANDIDATES, PROPERTIES AND PRELIMINARY TESTS. The face
sheets, currently used by Convair, consist of fibrous netting sandwiched between
metallized polymeric films. The properties of several laminates, supplied by G. T.
Schjeldahl Co., are presented in Table 3-6. The X-850, an aluminized Mylar/Dacron/
aluminized Mylar laminate, has been used in recent low temperature MLI system
designs (Ref. 3-1). The second sample, MDM-1506, a goldized Mylar/Dacron/goldized
Mylar laminate, was ordered by Convair from Schjeldahl for preliminary screening
tests. Both samples, the X-850 and MDM~1506, were tested by bzating them to 300F
for 5 hours to evaluate any degradation. Both materials greatly deteriorated. The
materials wrinkled badly, possibly due to the difference in thermal expansion and
mechanical characteristics between Dacron and Mylar materials at 300F, as well as the
polyurethane adhesive decomposition between the Mylar sheets.

Table 3-6. Face Sheet Liaminates

TENSILF
DESIGNATION*** DESCRIPTION STATLUS WEIGHT STRENGTH COMMENTS
{0z /yd?) _(Ib/in)
X-850 0.5 mil :\\\)zm. Mylar Shelf item 2.3 60° Currently used material
0.6 oz 'yd~ Dacron net
0.25 mil alum. Mylar
MDM-1506"*~ 0.15 mil gold. Mvlar New 1.4 --
0.6 uzr_vd-Z Dacron net
0.15 mil gold. Mylar
X-996 0.50 mil alum. Kapton  Shelf 2.2 40 Self-extinguishing adhesive
0.60 oz fiberglass scrim
0.5¢ mil alum. Kapton
KNK-2508** 0.25 mi! gold. Kapton New 1.9 - Would be serviceable up
0.8 oz/yd® Nomex net to 600°F
0.25 mil gold. Kapton
G111200 1.0 mil alum. Kapton Shelf 3.5 100 Self-extinguishing adhesive
G115400 1.0 mil alum. hapton Shelf 3.5 100 Limited use to 600°F
1.8 o¢/yd” Nomex net
G120400 0.5 mil alum. napton Shelf - - --
0,8 oz./yd2 betaglass
fabric
213-90-2 1.0 mil aléxm. kapton Shelf 4.4 130 No noticeable degr. after
3.2 oz/yd” glass fabric 168 hours

* Convair measured data

** Convair designation
***+ Data obtained from bulletins published by, and private communications with, G. T. Schjeldahl Company.
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[Le Kapton/Fiberglass, Kapton/Nomex or Kapton/Beta glass fabric materials withstand
300F without significant shrinkage; however, forming these materials is a problem.

I'ests were conducted, in which X-850 (Mylar/Dacron/Mylav) and X-996 {Kapton/Fiber-
slass/Kapton) combinations were vacuum heat formed for three minutes at 300F (Figure
3=9). The X-850 formed satisfuctorily at 300F, but did not retain its shape when reheated
to 300F  The Kapton/Fiberglass/Kapton did not form satisfactorily and there was
deterioretion in some areas where the Kapton separated from the fiberglass serim.
During a cryogenic dip test at -420F no deterioration was observed for X-350 and X-998
materials.

3.4.2 PYRE ML FACE SHEET
DEVELOPMENT. A new approach

was used in which serim was placed

directly over the desired contour and

Pyre ML was applied with a brush.

The scrim material selected was

Beta glass scrim, 1248 Leno weave,

heat clean, 0.80 ounce per sq yd

{G.T. Schieldahl Co.). Fiberglass

serim can withstand high tempera~

tures. The liquid selected was

DuPont RC=5019 Pyre ML wire

enamel, apolyimide material. In

the preliminary devilopment, an

attempt was made to form a face

sheet over a section of titanium Figure 3-9. Face Sheet Forming Test
sphere 18 inches in diameter and 8

inches high. The following procedure was used.

Frecote 33 release agent was sprayed lightly over the sphere and allowed to air dry for
15 minutes. The sphere was heated at 250F for 30 minutes and allowed to cool to room
temperature. The Pyre ML liquid was then brushed on the sphere and the scrim
applicd. Additional liquid was applied and brushed evenly. The serim was allowed to
air-dry for 30 minutes, and thea the sphere was placed into a 600F oven for 10 minutes
to drive off the solvenis. The face sheet was cured for 30 minutes at 400, 300, 250 and
200F. Figure 3-10 shows a face sheet formed on a bulkhead.

Face sheets formed by this method sometimes develop scatiered pinholes, a phenomenon
that results from the poor wetting properties of the surface coated with parting agent,

in addition to the high surface tension of the Pyre ML sclution during application. When
a sheet of Mylar was placed over the part before applying the Beta glass scrim and the
Pyre ML solution, a sheet completely free of pinholes was produced. The manufacturing
procedure is the same as that previously given, except that a sheet of Mylar is placed
directly on the part to be insulated instead of applving Frecote 33. This method i8 now
being used to produce face sheets for Superflee insulation. The preliminary weight of
this original face sheet material, which needs additional development work, was
determined to be 2. cunces per square yard.

J=12




Figure 4-10, Cured Face-Sheet on Bection of Titaniwn Sphere

3.3.8 TENSILE STRENGTH TESTS., The obiective of these tests was Lo determine the
strength of the newly developed face sheet material at -3208F, ambient and 300F, Three
materials were used for each temperature level lested, Resulis of the tensile tests,
using samples 10 inches long and 1 loch wide, arve presented in Table 4~7. Al ultimate
loads obtained during these tests are well above the design requirements of 2.5 1b/in.

3.2.4 THERMAL EXPANSION TESTS, The thermal expansion charscteristios of the
Pyre ML {ace sheet material was investigated using the guartz~tube dilatemeter shown
in Figure 9-11. Measurements wers made in the twe malr sheet directions,

initial measurements on the face sheel malerial vielded large positive coefficients at
¢ryogenic temperatures and small negative coellicients at high temperatures. These
gpecimens were exposed Lo various degrees of humidity at ambient temperature and it
was discovered that lengths increased as the specimen absorbed water. Therefore, the
low coefficients at high temperatures were due to sheinkage from drying nearly
cancelling the expansion due to heating.

Specimen TO703% (tgken in the Z-ihread direction} was subjected to varying deying and
wetting cveles to investigate this effect. Typieal data is shown in Figure 3-12.
Specimen T0704 was dried by soaking it in dry helium goe for 2-1/2 hours, at which

*Convaly bog Number




".able 3-7. Results of Tensile Strength Tests of Pyre M. L. Face Sheet Material

} 1.0 Inch

¢ —————— 10 - Inch ~————— ¥}

Temperature Uldmate Load Average UlL,
(*F) (lbs) Toad (lba)

Pyre~-M, L. With Beta Glnss - Single Thread Direction
(Made Using Frecots 33 Releaao Agent)

RT 11.30 12.0
12,18
12.46

300 10.0 10.5
9.2
12.2

320 25.0 17.2
14.5
12.1

&r@M. L. With Reta Glass - Single Thresd Direction
ade without Frecote 33 release agent - current nethod)

RY 26,0 23.0
24.3
18.6
Pyre~M. L, With Beta Glass ~ Dousle Thread Direction
RT 39.3 8.7
38.3
8.6
5
/ HoO
DIAL GAUGE SUD-
MERGED
4
¥ AS FABRICATED
LR (T0703) §
HE IN T T.|Z5—=+e our 3 Y
LH%' OR LN, {—mamocoume ) PoST
a 2 / CURED __|
> | b d1 - 2 / (ToT11)
7
. - /
S
voun || N E a / /
LEVEL — ] = > /
SENSORS L Hsavee g
7
z o -
j 3 \ 4 LAB AMBIENT
VACUUM - /
——  |4tueckET o L7
LNy 1 “—COMPLETE DRYING SHIFTS CURVE
9 sacket THIS nmzcrlru
["”‘/ il -2 L_HELJUM "DRIED"
e - HEATER 0 20 40 60 80 100 120
- AMBIENT RELATIVE HUMDITY, %
Figure 3-11. Tube Dilatometer Figure 3-12. Effect of Moisture on Re.nforced
Kapton Face Sheet Specimens T0703 and
TO0711
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time no further length changes were indicated. An expansion cycle was then rua from
-423F to 370F. As shown in Figure 3-13, exposure to high temperature apparently
causes drying beyond that possible by the helium purge, and shrinsage occurred. With
the specimen kept dry following the first exposure to 350F, the expansion cycle was
repeatable at the high temperature end.

An attempt was made to remove moisture~absorbing components and stabilize the
material by post-curing at 6C0F for 1 hour. One specimen (T0711) was tested similarly
to T0703 with the results shown on Figure 3-12. Based on this one set of specimens, it
appears that the post curing helped minimize the problem of moisture absorption
although it still is of significant magnitude.

3.3.5 THERMAL CYCLING TEST. The objective of these tests was to determine
mechanical property degradation of the Pyre ML face sheet material due to 100 thermal
cycles between -420 and 300F.

4’.3.‘,':'

A 5in. x 10 in. sample of the
material was loosely rolled into

a cylinder 5 in. X 3/4 in. in dia
and was inserted into a 6 in. X
3/4 in. 1.D. copper tube (Figure
3-14). The tube was installed
into a liquid hydrogen cryostat
which also contained a heated
cavity above the hydrogen. The
copper tube, with the specimen
installed, was alternately sub-
merged in the liquid hydrogen and
raised into the heater to accoraplish
a temperature cycle from -423F to
300F. A sketch and a photo of the
apparatus are shown in Figures
3-15 and 3-16 respectively. One
complete cycle was accomplished
in 11 minutes. The specimen tube
wag maintained at an atmosphere
of dry helium at all times.

L TWO THREAD‘ T
o DIRECTION,

Upon completion of 25 cycles, one
half of tue specimen was cycled
another 75 times and then tested.

“§
lr'.

-12 300 300
(360) i540)

TEMPERATURE, K (R)

0 100

(0) (180)

200 500

(720)

Figure 3-13. Linear Thermal Expansion of Glass

Reinforced Kapton Face Sheet
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The peak loads at room tempera-
ture after 25 and 100 cycles were

(900) 16,5and 9.15 1b per inch, respect-

ively. It appears that the brittleness
of the Pyre ML increases with the
number of cycles. Ny visible
degradation resulted from the test.



Figure 3-14. Thermal Cycling Heater and Specimen Container

3.4 FASTENER MATERIAL

Convair has developed a structurally sound twin pin fastener for attaching MLI blankets
together (Ref. 3-1). Previously the twin pin was injection molded from Lexan (General
Electric) polycarbonate resin. With a heat deflection temperature of 265F, Lexan is

marginal at 300F.

3.4.1 CANDIDATES AND PROPERTIES. A number of fastener material candidates is

shown in Table 3-5. The Lexan NB-155 has a higher heat deflection temperature than

P

0

b

e
i
i
i
L.

L
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MSPE{}‘MN

~~HEATER

‘//Lﬂg
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Figure 3-15. Sketch of Thermal

Cyc’ing Test

Lexan 121 but also higher weight and water
absorption. PPO 534 (General Electric), poly-
phenylene oxide, is very attractive compared to
Lexan in that it has lower weight, a higher heat
deflection temperature, lower water absorption,
and high tensile strength and modulus. Noryl
{General Electric) is chemically similar to PPO
but has the same heat deflection temperature as
does Lexan. Genal 4000 {(General Electric)
phenolic has a high heat deflection temperature
but in al! other respects is inferior to PPO for
this application. Astrel 360 {3M) polysulfone has
a very high heat deflection temperature, but its

3-18
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Figure 3-16, Thermal Cycling
Apparatus

primary drawback is its extremely high water
absorption. The last two materials shown, Vespel
8P -1 (DuPont) polyimide and Gemon 3010 (General
Electric) glass reinforced polyimide have very
high heat deflection temperatures and strength,
but they suffer from relatively high weight and
high thermal conductivity.

3.4.2 HIGH TEMPERATURE SCREENING TESTS.
PPO 531 and Lexan rod stock were subjected to
300F for one hour and five hours. There was no
noticeable degradation of the PPO 531. The
Lexan grommet was distorted by the 300F
temperature. The distortion was greater during
the five hour test.

3.4.3 THERMAL CONDUCTIVITY TEST.
Thermal conductivity measurements were made
on a Convair designed guarded hot plate apparatus.
In this apparatus a thin guarded electrical heater
{4 in. square test section) is sandwiched between
two 7 in. X 7 in. x 1/2 in. test specimens. The
instrumented sandwich is sealed in a thin stain-
tess steel pillow, purged with gaseous helium

and submerged in a temperature bath which gives
the cold face temperature. The bot face winpera-
ture ig controlled by the heater. The power flow
from the heater and the AT at equilibrium are
used to caleulate conductivity. As acheck on

the data, two points with different 4T's are taken
at each mean temperature. The results of the

Table 3~8. Fastener Materinl Candidates

Destyration

Type

Speritis

Gravity

Therwal | Water Fensils
Cond, Absorption | Strenglh
Brdhe P E Rin 2 bl ket

Expan,
Coelf. 4
A EX0

Potean 12

Foncan RILEAn

g

LB

Ereges] AN

Lt B

L AT

polcaringate
palyiirbonate

pusliphanylene
s iite

iy g iglele
phwgliy

paalcantfung

recdndnried

Pl tnide

P banty

1.2%
1.33

Lag
o
.45
L ah

SA
o

B o 5.5 31.5

e 9.2 8.9 ! : i

105" 5 z3
p.ness 5.6 A ¥ a3

.11 .08
8o
#.43 0.5 Gt 14

wir 1.8 13 28

0,82-0. 29 542
4,48 w3

AL Vil
FREE

pat Prodluet Pulleting




e

s~ & e
s g e ‘:‘

test to measure the thermal conductivity of PPO 531* are given in Table 3-9.

Table 3-9. Thermal Conductivity of PPO-531

Mean Temp., ¥ AT, F K, Btufr ft F
-416 11.0 .035
-405 30.4 .040
-393 52.4 .045
-312 11.3 . 069
-301 32.2 .070
-106 5.6 . 087

-94 22.7 .094
36 7.6 .108
53 34.9 111

216 6.5 .131

226 24.1 .126

313 7.7 .137

318 18.7 .133

Figure 3-17 compares the thermal conductivity of PPO-531 with the conductivity of Lexan
121. A4

----- LEXAN DATA PT.
CONVAIR DATA PT.

THERMAL CONDUCTIVITY, Dw/hr ft °R

|
!

[ 100 200 300 400 500 600 700 800
TEMPERATURE, 'R

Figure 3-17. Thermal Conductivity Vs Temperature

*Note: PPO Grade 534 was substituted by Grade 531. Both grades have very similar
mechamical and thermal properties; the major difference being the ten percent higher
heat deflection temperature of Grade 531.
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3.4.4 TENSILE STRENGTH TESTS. PPO 534 specimens, four inches long, were

machined as indicated in Table 3-10. The tensile swrength was measured at -320,

Table 3-10. Results of Tensile Strength Tests
for Polyphenylene Oxide (PPO)

4.00

T

0.25R

T

3/8 SQUARE~

TENSION TEST SPECIMEN

Ultimate  Ultimate

T Area Load Load
Temperature {inch) (in) (pounds) ety
Amblent 0.1231  0.0119 122 10.4
L1226 0.0137 113 9.65
0.1231  0.0119 124 10.4
309°F (10 minutes 0.1232  0.0119 38.0 3.18
at tem
perature) 35,1250 0,0123 7.5 2.24
0.1232  0.0119 36.5 .07
~320°F (5 minutes 0.1273  0.0127 202 15.9
at temperatur,
=P €) 0.1223  0,0117 200 17.1
0.1254  0,0123  197.5 16.1

Table 3-11. Results of Shear Tests for

PPO-531

2,00 ]

l

- -

-

SHEAR TEST SPECIMEN LD (3/16 STOCK SIZE)

Ultimate Ultimate

D Area Load Load

Temperature {inch) (in%) (pounds) (psi)
Ambient 0.1912  £.05742% 448 7802
0.1915  0.057604 465 8072
0.1916 0.057664 453 7856
800°F 0.1502 0.058826 253 4301
0.1906 0.057064 222 3880
0.1922 0058026 211 3638
-320°F 0.1524 0.058148 1030 i1, 713
0.1895  0,05618 980 17,373
0.1916 0.057664 922 117,203
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ambient and 300F temperature. Three
samples were tested at each tempera-
ture. The results are shown in Table

3=~10.

3.4.5 SHEAR TEST. The shear
strength of PPO 531 was determined
at =320, ambient and 300F, utilizing
three samples of 3/16 in. dia rod,

2 in. long. Results =re given in Table
3-11.

3.5 ADHESIVES

Adhesives are used in three different
ways in present Superfloc MLI designs:
(1) to hold the flock tufts to the radiation
shields; (2) to hold the core and face
sheets to the twin pin fastener grommets,
and (3) as part of the laminated face
sheets. In all three areas, the primary
requirements for 2 good adhesive are
that it not soften or vaporize at ihe
maximum service temperature and that
it not be brittle and subject to cracking
under vibrational and acoustic loading
at cryogenic temperatures.

3.5.1 CANDIDATES. The polyurethane
class of adhesives (see Table 3-12)
generally has maximum strength at
cryogenic temperatures and decreasing
strength with increased temperature.
Crest 7343 (Crest Products) polyure-
thane has been used in the past, but it
becomes marginal above 250F. The
silane modified 7343 exhibits better
strength at elevated temperatures, as
does Crest 7344. Two additional Crest
adhesives, 7345 and 3170, were
suggested by the manufacturer to have
adequate strength at 300F. Epon 934
(Shell) epoxy has even higher strength
at elevated temperatures but may
become brittle at cryogenic temperatures.



Azad
Table 3-12. Adhesive Candidates The SR 329 (General Llectric)
MAX. USEFUL silicone and the BR-3- (Blooming-
DESIGNATION TYPE COMPANY TEMPERATURE B** dale) polvimide adhesives have
Creat 7343 Polyurethane Crest 250 very high service temperatures
Creat 73432* oetane 200 but are unattractive in that they
Crest 7344 Polyurethane Crest 300 have elevated temperature cure
Crest 7345 Modified Crest — cycles. The other adhesives
S ::r:x:q e _ listed, cure at room tem.perature.
Shell 350

T e e w0 3.5.2 PRELIMINARY HICH
ma potyimice Bloomingsle s00 TEMPERATURE TESTS Results
DC 7132 Stlicone Dow Corning 450 of preliminary high temperature
+Convalr designation.  ** All data obtained from Vendor data sheets. tests utilizing polyurethane

adhesives includig Cres. 7343,
7343/Silane, and 7344 are presented in Table 3-2. The only noticeable change after
the 300F test was in the Crest 7344 which discolored after both five hour and one hour
exposures at this temperature. All three adhesives darkened at 400", Howvever,
7343/Silane and 7343 lost their streagth while at 400F. On cooling, weir sirength
returned.

3.5.3 METAL-TO-METAL ADHESIVE SHEAR TEST. Six adhesives were selected for
screening using the test apparatus in Figure 3-18. The adhesives and the preliminary
test results are given in Table 3-13. Three specimens were run with each adhesive at
each temperature. The Crest 7343/Silane is adequate to meet the strength require-
ments between -420 and 300F.

Table 3-13. Metal-to-Metal Adhegive Shear
Test Results, ASTM D1002-64

3.6 PURGE BAG MATERIALS

Superinsulation layups for
(PRELIMINARY)

Shear Strength, pst reusable cryogenic storage vessels
. Crest 7343/ Stell H i -
o Pooo require a purge and repressuriza
Crest7343 60402 Crest7M4  3M3515 94 tion system during atmospheric
Polyurethane/  Epoxy/ exposure to ensure maximum
Polyurethane _ Silane Polyurethane Polyurethane Epoxy thermal performance during
~423°F 5853 3870 1347 [ .
g3 0 ground hold,boost, space flight
RT 1273 1853 2933 1115 3043 ‘e
and re-entry conditions. In
250°F 248 400 252 250 674 . th
300F 108 254 - o 260 order to function properly, the
purge bag material must be
NOTES:

impermeable to inert gases such

1. Average values for three test specimens at each test candition. . . .
asg helium or nitrogcun. Itis

2. Crest 7344 was modified with Dow-Cornlog 60402 silane but was found incom-

patible; no valid test data was obtaiped. required that the material has
high tensile strength, high tear
2024-T3 ALUMINUM resistance, low elongation and
/— low weight. The objective of this
e » — - study was to wdentify, fabricate
— .
ADHESVIE 1% x 1" and experimentally evaluate
Figure 3-18. Metal-to-Metal Adhesive Shear, purge bag materials which meet
ASTM D1002-64 the required physical propertiies.

3-20



- 3"‘-‘ -~
TP
T memd

3.6.1 CANDIDATE MATERIALS. Considering the physical properties, promising
material candidates were found to be the FEP (Fluorinated Ethylene Propylene) film
material bonded to a reinforcing material such as Epoxy pre-impregnated glass fabric
or Nylon.

3.6.2 FABRICATION. Three 24 inch square purge bag materials were fabricated as
follows:

Test Coupon No. 1

1. One piece of 24 inch square, two mil FEP film material was taped to a flat aluminum
caul plate with the cementable surface facing up.

2. One piece of 24 inch square Epoxy pre-impregnated glass fabric (181 style) was
placed on each side of the FEP film. High temperature glass fabric tape was used
to stretch the films and eliminate wrinkles.

3. Four plys of 1534 style woven glass fabric bleeder material was put over the layup
to insure uniform vacuum distribution.
VACUUM BAG
4., The material layup was then oven / (VAC-PAC)
cured at 275F temperature for PRE-PREG FLr BLEEDER
) ZINC=-CHROMATE
three hours using standard vacuum —¥ 2 VAC. SEALING TAPE

bagging techniques, (Figure 3-19). - —J¢—CAUL PLATE

Figure 3-19. Purge Bag Material Lay-up

5. The test sample was removed after curing. The resulting purge bag material was
0.017 inch thick and the weight was 2.141 ibs/ft2,

Test Coupon No. 2

The same procedures used on Test Coupons No. 1 were repeated on Test Coupon No. 2
except that the Glass/Epoxy pre-preg was replaced by Nylon/Epoxy pr :~preg. The
thicknese and the weight of the material was 0.019 inch and 0.1205 1b, t2 respectively.

Test Coupon No. 3

The procedures use” .o fabricate Test No. 1 again were repeated except that both the
Nylon/Epoxv pre-preg and the Glass/Epoxy pre-preg were used together as a center
layer. The material was 0.029 inch thick and the weight was 0.202 1b/tt2.

Test Coupon No. 4

This material, Coupon No. 4, consisted of two pieces of 1 mil FEP film material,
reinforced by a center sheet No. 120 Epoxy, specification no. 0-73009-1. The material
was fabricated as described above. The material layup was oven cured at 350F tempera-
ture for 23 hours. After fabrication of the material, its lamination thickness was .007

inch and its density .063 1b/ft2. 3-21



3.6.3 PERMEABILITY TESTS. Tests were conducted to determine the permeability
of the four test coupons. A schematic and a photograph of the test apparatus is shown
in Figures 3-20 and 3-21, respectively.

Approximately 1 sq ft of the vacuum bag material was sealed between two vacuum
chambers. The chambers were then simultaneously evacuated to the operating range
of a helium mass spectrometer type leak detector (approx. 5 millitorr). The leak
FEaT SO LD detector, connected to one of the two chambers,
r was operated to obtain a zero reading. Helium

e S vaa % gas was admitted 1o the other chamber until a

CHAMBER L ). o % pressure differential of 0.5 psid was obtained.
A | et The leak detector was observed until the helium

J&J - reading stabilized and a reading was obtained

VALVE for the total flow of helium through the panel.

tho o 7 This was done at ambient and 300F tempera-

e ture. Table 3-14 presents the test data.

Table 3-14 indicates that the FEP material in

{;@% e combination with the E poxy pre-impregnated

L SUEPLY glass fabric style 120 (Coupon No. 4) has the

HELIUM LEAK DETECTUR IOWG st weight.

MASS SPECTROMETER

Helium flows of 2.2 x 10"% and 1.6 x 104

Figure 3-20. Purge Bag Material
ﬁ .
STD cc/sec/it® were obtained at ambient anc

Permeability Test Set Up

Figure 3-21. Permeability Measurement Test Apparatus
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Table 3-14. Purge Bag Data 300F, respectively. After
removal of the specimen, it
was found that the material

Type of Bag Coupon Test Helium Flow STD Wt of Material Thickness

Matcrial No_ Temp,°F ce/sec/tt? /08 Mat'l, ta. Was slightly damaged. This
FEP/Glass Fabric 181 1 Amb. 1 2x10-§ 0.141 0.017 was caused by a sharp edge
FEP/Glaes Fubric 181 1 300 4.0x10-5 0.141 0.017 .

FEP /Nylon 2 Amb. 13.9 X 10-6 0.1205 0.019 of the O-Ring groove. There-
FEP.;Nylrm/ 2 300 3.5x10-5 0.1205 e.o19  fore, these flowrates cannot
FEP/Glass/Nvion 3 Amb. 3.3x10-3 0.202 0. 029 :

FEP ‘Gliss Fabric i20 4 Amb. 2.2 x 10-4* 0.063 0.007 be consldered true test I‘eSllllS-
FEP.Glass Fabric 120 4 300 1.6 x 10-4% 0.063 0.000  Coupon No. 1 has the lowest

permeability at ambient
temperature. The FEP/Glass-Nylon material (Coupon No. 3) resulted :a the highest
permeability and weight and therefore was not considered anymore as a purge bag
candidate. The FEP/Glass laminate has the advantage of low outgassing and can be
easily operated at temperatures over 500F. The weight of the FEP /Glass material can
be considerably reduced by utilizing one mil FEP film in combination with 1 or 2 plys
of 120 style glass fabric material. A goldizing process will further improve thermal
performance and permeability. There was no physical degradation of Coupons Nos. 1,
2 and 3 materials tested at 0.5 psid.
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SECTION 4
SUPERFLOC DEVELOPMENT

During this study, Superfloc suitable for reusable applications was developed utilizing
the candidate materials discussed in Section 3. Acceptance tests were performed in-
cluding manufacturing tests, cryogenic dip tests, thermal expansion and cycling tests,
compression and recovery tests, and thermal performance tests.

4,1 MANUFACTURING TESTS

The present method of fabricating Svpe.rfloc consists of placing a silk screen printing
device on the Mylar and using a sqteezce to transfer dots of adhesive to the Mylar,
The vibrating action forces the Dacron into the adhesive. During the fabrication of the
new Superfloc radiation shield, bcth Kapton (polyimide) and Mylar, aluminized and
goldized, have been printed and f.ocked with no apparent manufacturing process differ-
ences. These films have been flocked with Dacron and Nomex fibers, The fiber "stand-
up" characteristics are similar; however, the Nomex fibers, before flocking began,
were found to be clumped into small (1/4 inch diameter) balls. Because of this clump-
ing, the time required to flock @ surface is longer than with Dacron. Drying at 220 F
for one hour or passing the cluriped Nomex through a demagnetizer does not break up
the clumps. The adhesives, wtich aave been applied to the films of Mylar and Xapton,
include Crest 7343, Silane modified Crest 7343, Crest 7344, Dow Corning 732, and
Epon 934. Excellent adhesion after curing for one day was ¢xhibited by Crest 7343 and
7344, both unmodified and modified with a Silane. Excellent adhesion was exhibited by
Dow Corning 732 after the humidity surpassed a threshold value to initiate curing,

4.2 CRYOGENIC DIP TESTS

Three sets of materials (Table 4-1) consisting of 11 specimens per set were tested,

In Test #1, liquid hydrogen was used to bring the specimens to -420°F in 5 minutes.
The specimens were then immersed in liquid nitrogen so that each test sample could be
removed separately, Samples cne through nine had adhesion tests performed with
masking tape (Mystik Tape Division, Borden, Inc., Northfield, I11,) immediately upon
removal and again after a period of 5 minutes. The weight applied to the tape corre~
sponded to a pressure of 198 psi, The results are documented in Table 4-1, The same
procedure was followed in Test #2 except that the specimens were brought to ~420 F at
an accelerated rate (1,25 min.). All acceptable materials, D~A-M, D-G-M and D-G-K
utilized 7343/Silane adhesive and Dacron flocking, There were no visual defects on
specimen 10 and 11 (Face sheet candidates).

4.3 HIGH TEMPERATURE TESTS

Three sets of materials (Table 4~2) consisting of 11 specimens per set were heated in

an oven at 300 F. Two of the sets were previously cryogenically tested and one set was

new, One set was heated for 1 hour prior to the adhesive tests. The two remaining sets

were heated for five hours. 7The same procedure was followed as in the cryogenic tests,
4-1



Table 4-1.

Cryogenic Dip Test Resulis

i b}

MATERIAL 3 CRYOGE NIC TESTS (LHg)
! TEST =1 i TEST #2
REFLECT- 5 MIN TO OBTAIN -420 | 1-1/4 MIN Tq OBTAIN =420 F
IVE ADHESIVE TLST | ADHESIVE TLSTIADHESIVE 11 5T |ADUFSIVE TEST
TEST | SHIELD |ADHESIVE | SPACER UPON REMOVAL| AFTER S MIN | UPON REMOVA LI ATIER 5 MIN
i T
1 D=A=M 7343/Silane | Dacron NF 0/3* NF 0/4 NF 0/3 NFO /3
2 D-A=M 7344 Dacron AF 3/3 AF 3/5 AF 3/3 AF 3/4
3 D-A-M EPON 934 Dacron SF1/2 ¥F 1/2 | SF 3/5 FF 2/5 | SF 2/2 SF 2/5 FF 3/5
4 D-G-M 7343/Sflane| Dacron NF 0/3 NF o/5 NF 0/3 NT 0/5
5 D=-G-M 7344 Dacron FF 2/2 i SF2/5FF 3/5 | FF 2/2 SF 2/5 FF 2/5
8 D=G-K 7343/Silane| Nomex SF 2/2 SF 3/3 SF 2/2 SF 3/3
7 D-G-K 7344 | Nomex NF0/2 SF 3/3 NF 0/2 SF 3/3
|

8 D-G-K 7343/Stlane| Dacron NF 0/2 NF 0/5 NF 0/3 NF 0/5
] D-G-K 7344 Dacron SF 2/2 SF 1’5 SF 2/2 NF 0/5 |

* Number of Fajiures "Number of Tries

Results are shown in Table 4-2,
tion of the material was noticeable.

NF = No Failure AF = Adhesive Failure
FF = I'lm Fallure ST = Sur{aceFaflure

In the heat tests the D-G-M shrunk 2% and a distor-

The materials which had acceptable performance

unen completion of both heat tests were: the Dacron flocked D-A-M with 7343/Sil ne,
D-A-M, with 7344 and D-G-K with 7343 /Silane adhesives. Results from both the cryo-
genic dip tests ard the heating tests indicated that two combinations are acceplable for

a mission in which the insulatior may be subjected to both conditions. These combina-
tions are: D-A-M, 7343/Silane,/Dacron; D-G-K, 7343/Silane/Dacron,

Table 4-2, Heating Test Results
{ MATERIAL | HEAT TLS1S, Juo T ]
I T i Troer T YT LTy 1
REFLECT- | ! b TEST '1 b ! b_l’ ‘l X L “:::'L 3
. PHCRYO - 10134 » 3009 | (CRYVO -~ HR © 3000 (NTW -3 HER 3059
NE i ! Adh, Upen 1 Test At TN h. Tost] doet At iAvxi~ Ten | Te.t At |
TES SHELL HCSIVE SPACER |07 TRV ) [ e | A
EST LD ‘ ADHLSIV ACER Remevad Ambient | Upon Rerm.: Larantert  Cpon Rem. Amblent
—+— + T -
| ' J
1 D-A~}i i 75343/3ilane: Dacron I NFO/3¢ NrFo/3 NF 0,2 NFO/2 NE 072 ) NP |
: |
2 D-A-M 7344 Dacron | NFO/3 NFO0/3 NFO/2 | NFO/2| NFO/2 NI'O/3 |
3 D-A-3 EPON 934 Dacron FF2/3 FF 3/4 Fr 1/2 FF 1/2 I'F 3/4| rF2/2
} .
4 D-G-M 7343/Silane | Dacron NF 0/3 NF0/3 NF 0/2 NF0/2|  FF2/2| sFa/2 |
i
5 D-G-K 7344 Dacron FF 3/4 FF 4/4 FF 1/2 FF 2/2 Fro1/1 ‘ SF 25 ’
!
6 D-G-K 7343/silane | Nomcx ST 3/2 SF 3/3 SF 2/2 SFi/4 ' SF2/2 @ SF2/5 !
7 D-G-K I 7344 Nomex SF 3/3 SF 2/2 SF 1/2 SF 1/2 SFr1/1 : ST 3/3
;
8 D-G-K 7243/31lane l Dacror NFO/3 | NFOZ2 sT1/5 MF 0/2 NF 072 | WF0/2
9 D-G-K 7344 | Dacron SF 3/3 SF 2/3 SF2/3 | SF2/2| SF4/6 ! S 3/5
| !
10 X996 (Kapten -~ Fiberglass ~ Kapton) No Deterjoration
** Approx, 25 Shrinkage
1 X856 (Mylar - Dacron - Mylar) Deterforation
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4.4 THERM:L EXPANSION TESTS

Thermal expansion characteristics of goldized Kapton and Mylar radiation shields were
investigated using the apparatus and procedures outlined in Section 3.3.4. Measure-
ments were made in the two major sheet directions of each material. The data are
presented in Figures 4-1 through 4-3.

a L/L x 10¢
1
S

-10

-12

- PHICK DOCBLE GOLDIZED -

WITH VLOCKING

e et o = i B A s il LRt T

©

(1€0)

200 300 406 500
(360) (540) (720) (900)

TEMPERATURE, K (R}

Figure 4-1. Total Linear Expansion of

Ggoldized Kapton

A1l of the Kapton specimens had
an abrupt change in slope above
ambient temperature, indica-
ting a change in the material
due to the high temperatures.
The smooth expansion back to
ambient from 810 R indicates
that the change is not revers-
ible. It is felt that at least
par. of the change is due to
loss of moisture beyond that
accomplished by the helium
drying procedure.

A specimen of Kapton radiation
shield (tufted and goldized) was
checked for moisture effects,
Specimen T0713 exhibited a
total change of length of less
than 0.24% 10 in. /in. when
exposed from zero to 100%
humidity. A similar specimen
of Mylar radiation shield was
subjected to the full range of
humidity with similar results.
Trom the materials evaluated,
the reinforced Kapton (Figure
3-13, face sheet) appears to
be the most sensitive to changes
in ambient moisture at least
on a short term busis,

Expansion of the Mylar was
extremely high above 560R.

This was due, in part, to the low strength of the material at elevated temperatures,
In the dilatometer used for the measurements, it was necessary to apply a load of
approximately 0.2 Ib on the 0.8 in., wide specimen to keep it taut 3o that the length
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Figure 4-2,

TEMPERATURE, K (R)

Total Linea. Thermal
Expansion of Goldized
Mylar (Longitudinal)
Direction)

TEMPERATURE, K R)

Figure 4-3. Total Linear Thermal
Expansion of Goldized
Mylar (Transverse
Dircction

measurement could be made. This force causes creep of Mylar which invalidates the

expansion measurement at high temperatures.

Linear expansion actually has little

meaning in the temperature range where creep occurs under the influence of small

loads.

4.5 THERMAL CYCLING TESTS

The objective of the thermal cycling test (100 cycles) was to determine any optical or
mechanical degradation of {lock~d, double goldized Mylar and Kapton radiation shields.
Both samples were tested as described in Section 3,3.5., At the completion of 25 cycles,
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one half of the specimen was removed for optical and mechanical property testing. The
remaining half was cycled an additional 75 times and then tested. No visible degradation
of the materials resulted from thermal cycling of the flocked Kapton. Results of the
tensile test for the DGK shield at room temperature were as follows:

Thermal Cycles Ultimate Load (Ibs)
25 5.58
100 6.60

The emissivity test results were:

Temperature Emittance
°R 25 Cycles 100 Cycles
540 .0201 .0150

The far-infrared spectroreflectometer (Ref. 4-10) was used to obtain the reflectance/
emittance data. The results indicate that the emissivity actually decreased with cycling.
This decrease is probably due to the inaccuracy in the radiative property measure-
ments, In determining the optical performancz, the reflectance of the sample is deter-
mined in comparison {o gold, Using a gold reference standard of reflectance of . 990

to .993 and the instrument reproducibility of +.001, the spread possible in the results

is approximately +.0025 (Ref. 8-3). It was concluded that there was no degradation of
the emittance resulting from 100 thermal cycles or less.

4.6 COMPRESSION AND RECOVERY TEST

The compression and subsequent recovery from the compress’on of selected materials
and configurations have been tested. The compressive forces of interest are {ess than
1% 1072 psi. The objective of ihe test was to demonstrate that the Dacron flockiny can
keep the reflective shields of Superfloc separated under flight conditions. These con-

ditions included a maximum g-load of approximately 3.5. Three different tuft spacings
were fabricated and tested.

Reflective Shield: Double-goldized Kapton

Tuft Material: 3 denjer Dacron with a nominal length of . 04 inch
Adhesive: Crest 7343/Silane modified

Tuft Diameter: . 062 irch

Tuft Spacings: 1/4-inch, 3/8-inch, and 1/2-inch

The test specimen for each configu.'ation consisted of 8 layers each 6' x 6" square.
Each configuration was compressed under the uniform ioads for 3 minutes. The order
in which they were applied waa 5 x 10~4, 1 x 1073, and 2 x 107 psi.

After these tests the same samples were subject to a 100 cycle compression and
recovery test at 2 x 10" psi. The compressive force was applied for 2 minutes 50 *
seconds while 4 minutes 40 seconds was allowed for recovery for each cycle. The
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compression and subsequent recovery were recorded every tenth cycle.  Following
the 100 cycle test the sarrples were compressed under uniform loads of 4 = 10793 and
1% 1072 psi.  Again they were compressed for 3 minutes with 5 minutes for recovery.

4,6.1 TEST APPARATUS, A test fixture was arvanged to compress the specimens pro-
vided between two flat plates so that sample thickness could be measured under condi-
tions approaching zero load and also under specified loads. Time indicating devices
were inciuded for either manual or automatic application and removal of leads for
sperified times, The entive fixture is shown 71 Figure 4-4,

To provide thickness measurements, the assembly was mounted on the table of a Kodak
Model 14~2A Contour projector. The ultimate accuracy of this instruwment is in the
order of 50 x 1078 inches, however, for this testing actual measurement aceuracy to
0. 001 inch is used, being consistent twith the nature of the specimens under test. The
test fixture, while in operation, uses an clectro~magnetic clutch and adjustable con-
stant current source to balance the weizht of the moving 6-inch square plate, ""Zero
load! condition of minimum speciment contact pressure uses a 1.1 gm weight on the
pan, Other weights are then added to the pan to apply specified compression loads on
the specimen, HRemote programming of the constant curren source is used to raise
the loaded pan from the specimen manually or automatically as desired,

Figure 4-4, Compression Test Figture and Instrumentation
A=




4.6,2 RESULTS ANDDISCUSSION. The resultsaregiveninTable 4-3. As expected, the
less the spacing, the less the compression for a given compressive load. At aload
of 2% 10 psi, the layer density was approximately 39, 46 and 56 layer/inch for 1/4,
3/8, and 1/2 inch tuft spacing, respectively. Under all conditions the compressed
samples returned to within approximately 97% of their original thickness within 5
minutes after the load was removed.

Cyclic exposure of the Sunerfloc samples to compression and recovery caused only a
slightly increased compression and a decreased recovery. After 100 cycles at 2 x 1073
the layer density was approximately 45, 48, and 61 layers/inch for 1/4, 3/8 and 1/2 inch
tuft spacing respectively. In all cases, the recovery was above 92 ¢ of their original
thickness within 4 minutes and 40 seconds after the load was removed. When a sample
was left overnight, the recovery - as nearly 100%.

4.7 COMPRESSIVE LOAD ANALYSIS DURING BOOST

The ability of a MLI system to resist compression and recover from compressiVe 'nads
after their removal is a system characteristic that is considered when determining the
system's thermal performance.

Table 4-3. Compression Test Results for Superfloc

1/4" T ft Spacing 3/8" Tuft Spacing 1/2 Tuft Spacing
Layer Density, Layer/hn. 22 Layer Density, Layer/In. % Layer Density, Layer/In. %
Load [Cyc omp~ [Recov-~ | Recov- Comp~ | Recov- | Recov- Comp~ |Recov~ | Recov-
psi  |le |itial jressed |ered ery Initial | ressed i ered erv itial | ressed | ered ery
s5~107%| 1 | 28.6 | 31.7 | 28.8 | 99.9 | 29.0 33.01 29.2 | 99.3 | 31.7 | 39.6 | 31.8 | 99.5
1-1073) 1} 28,7 | 33.8 | 29.3 | 982 | 29.2 | 37.0 | 29.6 ! 98.5 | 3L.8 | 46.4 | 32.3 ' 95.3
2:1073| 1 29.0 37.4 29.6 97.8 | 29.6 | 46.6 | 30.0 | 98.9 32.3 56.7 32.9 ; 98.0
221073] 1} 32.6 | 40.5 | 2.9 | 99.2 | 29.0 l 45.4 ’ 29.4 | 98.5 | 32.3 | 55.5 | 32.8 | 98.4
2<1073] 10 | - $2.1 | 33.0 | 9.8 | - , 47.9 | 29.7 | 975 | - 58.8 | 33.0 © 97.6
z 10320 | - 42.8 | 33.0 | 98.8 1 49.7 1 29.9 | 97.1 ! s58.8 | 33.3 | 96.8
2103} 30 | - 43.2 | 33.1 98,4 50.2 z 20,1 .4 - | 60.2 | 34.2 1 94.4
2.10~3| g0 | - 43.2 | 3a.1 99,4 -~ U s0.2 I 30.4 1 957 60.6 l 34.2 . 94.4
i i f t f
2:1073| 41 | 22.6| 43.5 | 33.7 | 9.6 | - | - i - . - - - - -
21073| 49 | - - - - - 1500 305 949 | - - - -
2-1073j 50 | - 4.2 | 33.7 | 99.6 | 283 41.2 | 286 | 99.3 | - 61.6 ’ 34.6 | 93.2
2-1073{ 60 | - 44.2 340 | 98,7 | ~ | 46,7 | 29,2 97.2 | - 61.9 i 34,9 | 92.3
2.1073{ 61 | - - -, - - b~ - 32.4%) 545 | 32.8 | 98.8
2+10=3| 70 - 44,2 1 33.9 99,2 - 48.2 | 3.5 | 96.1 - 58.8 3.0 95.1
2<10-3] 80 - 44.2 ' 34.0 98.7 - I 48.4 ’ 29.6 ’ 95.7 - 60.6 , 34.7 93.5
2-10"3| 90 - 44.6 } 34.2 } 98.3 - 48.2 ; 29.7 | 95.4 - 61.0 ' 34,7 91.5
2«10-3J100 | - 4.6 | 34.2 | 98.3 | - 47.9 | 29.6 } 95.7 | - | 61.0 | 34.5 | 93.9
4x10~3| 1 31.0 46.8 31.5 98,5 28,3 51.7 28.7 98,6 32.8 69.0 33.5 98.0
1’<10'2 1 31.0 62.0 l 31.5 93.5 l 28.6 80.8 29.3 97.8 32.0 | 108.0 32.8 97.6
INOTE 1. Normally compression z min. 50 sec NCTE 2: Precision = +.2 layers/inch for <45
} for cyclic loads
recovery 4 min. 40 sec layers/inch
3 . . ()]
compression 3 min } if cycle = 1 = e 2,0 layers/inch for < 11
recovery 5 min. layers/inch
* Sample left uncompressed overnight.




During boost the compressive force on a given insulation layer is

F= p Gting) - P (T,x,¥,b - P(0) - F o0 (4-1)
where
. . 2
pL 18 the density of the MLI, lbm/m /layer
G(t) is the g-loading
n(y) is the number of laycrs above the layer of interest

- . . 2
P(T,x,y,t) is the interstitial gas pressure, lb/in
2
P_(t) is the environmental pressure, Ib/in
Fpin(x,y,t) is the separating force resulting from the support and attachment

pins

From Eq. 4-1 it is clear that during boost the compressive force wili be something
less than that due to g-loading alone. Therefore

F< p GUN() (+-2)

The g-loading that the insulation will experience varies with time during any given
mission, Figure 2-1 gives the approximate g-load versus time for a typical reusable
vehicle, The figure indicates that during hoost the g-loading never exceeds 3. It is
noted that the g-~loading is in the axial direction and as one deviates toward 90° from
this direction the g-load decreases.

Based on the above information a worst case analysis is made for a Superfloc insulation
system on a reusable vehicle mission.

1. 98 % 10—5 lb/inz/layer (for 1/4" tuft spacing)
= 3.0

Py

1A

L F<5.94x107° n(y) psi (4-3)

-5 .
This implies the outermost insulation tuft sees a compressive load of 5.94 x 10 ~ psi,
the tuft's 10th layer down sees 5.94 < 10  psi while the 90th layer down sees a com-
pressive load which is less than 5,4 X 1073 psi.

It is also noticed from Figure 2-1 that the duration of the 3-g load is leas than 2 minutes
and the load is only above 2g's for approximately 3 minutes.

Figure 4-5 (Ref. 4-4) shows how the layer density of Superfloc is effectzd by a com-
pressive load. Figure 4-6 gives data which indicates how the effective conductivity of
D-A-M Superfloc is effected by layer density. The figure shows that the effective con-
ductivity is not degraded by layer densities from 28 to 35 layers per inch and that it
degrades by less than 10% at a layer density of 41 layers/inch. There is no available
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Figure 4-5. Effect of Compressive Loads on the Layar Density
of Superfloc in 2 1-g Environment

data on the effective conductivity for
layer densities greater than 46
layers/inch. However, it is ex-
pected that some extension of the
data to say 50 or 55 layer/inch
can be made (Ref. 4-4). Com-
pression test results of Tissuglass
and Dacron net spaced radiation
shields reported in reference 4-7
are replotted in Figure 4-7. The
results indicate that below a com-
pressive load of 2.5 % 102 psi,
Superfloc has the most effective
spacer (lowest capacitance} of the
composites tested.

4.7.1 THERMAL PERFORMANCE
OF SUPERFLOC UNDER COMPRE S=-

SION. Equation 4-2 is modified to
indicate the compressive loads
applied to the insulation over the
leg force of the earth.

F < P G-In  (4-2M)

L3

W

EFFECTIVE CONDUCTIVITY « 105 BTU/(NR FT 'R)
()

1

Figure 4-6. Effect of Compression on the Effective

19

Py
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FOR Ty = 540°R and T = 140°R
¢ DATUM POINT FROM REFERENCE 4-7

- = - PREDICTED VALUE BASED ON VALUES GIVEN
IN REFERENCE 4-3
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9
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TEST SPECIMEN 6=INCsl oy i
CONTAINS 24 REFLEC JOR SHEE LS OO0 u-A=M

NN NSLON NET
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B3L DACIION NI T STYLE BB,
B4A DACLON NET (S[‘\"L'EU-L'\)/

SUPFRELOC DACRON T'UFTS

TISSUGLAS —i_’/’
B2A

siB —

56

CAPACITANCE, Cp, picofarads

8 NN -

SUPERFLOC /2"
40 L_TUFT SPACING,

10~4 10-4 10-2 10-1
LOAD, psi

Figure 4~7. Compression Detection With the Induction
Coil Technique - CP Data (Ref. 4-7)

Assuming G < 3.0: Fc< 2 p 0

Using the layer densities for Superfloe, it follows that
Fc < 2.88%x 10"5 n psi for 1/2" spacing; (pL =1.44 % 10-5 lb/inz/layer)
Fc < 8.30x 10.5 n psi for 3/8" spacing; (pL = 1,65 X 10-5 lb/inz/layer)
Fc < 3.96% 10-5 n psi for 1/4" spacing; (pL= 1,98 x 10_5 lb/inz/layer)

The above leads to the compressive loads given in Table 4-4 for values of n up to
90 layers.

Once ¥ is computed the layer density is determined from the data reported in Table
4-3. The effective conductivity corresponding to that layer is then determined using
the results shown in Figure 4-6. This conductivity is then compared to the conductivity
at the natural layer density., This is then input in Table 4~4 as a Percent Degradation-
Layer. To determine the total degradation consider each increment of 10 layers as
possessing a different effective conductivity and that the conductivities are in series

N
1 1 Z: 1
-_= = - (4-4)
KT N Ki
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Table 4-4. Thermal Degradation of Superfloc Under a Compressive Load of 3-g's

1/4" Spacing 3/8" Spacing 1/2" Spacing
F Layer Pereent F Layer Percont F Layer Percent
¢ Density Degrad. c Density Degrad. c Density Degrad.
3 e s
n pst x 103 Layer/inch | Layeri Total [pst x 10:l Layer/Inch | LayerTotal | pst x 10 |Layer/Inch| Layer Total
1 .04 29 0 0 0.033 29 0 0 0.029 31 0 0
10 0.4 31 0 0 0.33 32 0 0 0.29 34 0 4]
20 0.3 33 0 0 0.66 35 0 0 0.58 40 5 2.5
30 1.2 M 0 0 0.99 37 2 0.6 0.87 45 20 7.8
10 1.6 36 1 0.1 1.32 40 5 1.7 1.2 48 41 14.2
50 2.0 38 2 0.5 1.65 43 11 3.3 1.5 51
60 2.4 40 ) 1.2 1,98 46 23 6.3 1.7 53 Data
70 2.8 41 7 2.0 2.31 48 41 110.0 2.0 56 Not
80 3.2 42 9 3.0 2.64 49 50 | 13.9 2.3 58 Avall-
90 3.6 43 11 4.0 2,97 50 63 §17.5 2.6 569 able

K = 104X 2.8 10 = 2.9x 107> Btu/hr—ft°F
therefore the effective conductivity of 90 layers of Superfloc having 1. 4" tuft space under
a compressive load of 3-gs is only 4.0% higher than if it were in its natural state. The
results in Table 4-4 indicate that an insulation system with 60 layers of insulation,
under 3-g compressive load will be degraded approximately 1% and 6% for tuft spacings
of 1/4" and 3/8" respectively.

4.7.2 DISCUSSION. Data presented in Table 4~3 indicates that within 5 minutes after
compressive loads up to 10~ psi Superfloc returns to within 97% of its natural density.
Even for the most severe g-loading and the heaviest Superfloc compressive loads will be
less than 1 x 102 psi even on the bottom layer of a 90 layer insulation system. When
the insulation was subjected to cyclic loads, the percent recovery was still above 92%,
even after 100 cycles. Under all the conditions test :d and reported in Table 4-3, the
recovered layer density was between 28 and 35 layers/inch. This implies that all three
Superfloc configurations recovered such that there is no degradation in the effective
conductivity when subjected to loads up to 1 x 1072 psi, Thus, within 5 minutes after the
boost condition g-loading ends, the Superfloc will recover such that there is no degra-
dation in the insulation effective conductivity due to the compressive load. Actually the
majority of the recovery occurs in the first 15 seconds after the load is removed. Since
the mission of a reusable vehicle lasts for from 7 to 30 days the degradaiion in thermal
performance due to g-loading is minimal especially when one considers the effects of
interstitial gas. The effect of g-loading is reduced in importance by the fact that the
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gas pressure between the layers of 102
Superfloc is high enough during

boost to cause gaseous conduction 105
to dominate the heat tranafer through
the insulation. Figure 4-8 shows 109
how the environmental pressure de-
creases with time for a space
shuttle mission.
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A comparison of Figures 2-1 and
4-8 indicates that for the time
during which g-loading is signifi- 1
cant (approximately the first 500
seconds from liftoff) the environ- 10
mental pressure is always above \
5x 1074 torr. The interstitial 1 10~
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pressure during boost is higher TIME FROM LIFTOFF, sec
than the environmental pressure
especially when outgassing is Figure 4-8. Typical Environmental Pressure
considered. During the Mission of a Reusable
Vehicle
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Figure 4-9 indicates the importance -4
of gaseous conduction and shows that at 5 x 10 ~ torr gaseous conduction increases the

THE CURVE WAS DEVELOPED FOR 30 LAYERS/INCH OF SUPLRFLOC
(1/2" TUFT SPACING, TUFT DIAMETER = .062", NEEDLE LENGTH = .04™);
Ty = 535, T, = 40°R
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Figure 4-9. The Heat Flow Through Superfloc as a Function
of the Interstitial Gas Pressure
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heat transfer by 50% over the space environment condition and that the increase
quickly increases with pressure.

4,8 CALORIMETER THERMAL PERFORMANCE TESTS

The thermal conductivity of two (2) Superfloc insulation specimens (3/8 and 1/2 inch

tuft spacing) was measured by Arthur D. Little, Inc., Cambridge, Massachusetts, Each
sample contained 15 layers of Superfloc goldized Kapton. The samples were tested in
the ADL Model 12 double-guarded, cold-plate calorimeter at a flat plate separation of
0.5, 0.33, 0.25 and 0. 125 inches.

4,8,1 TEST PROCEDURE. The insulation was placed in the thermal conductivity
dpparatus with the Superfioc side of each layer facing upwards (toward the cold-plate).
An edge-guard radiation shield made {rom one layer of one-side-aluminized quarter-mil
Mylar (aluminized side facing outward) was attached between the cold-plaie and the hot-
plate to minimize heat flux into the edges of the insulation package from the surroundings
at room temperature. The gas pressure within the thermal conductivity apparatus was
maintained at a pressure less than 107° torr for all measurements. The hot and cold
plate temperatures were controlled at 80 F and -320F (LNZ)' The spacing between the
warm-plate and the cold-plate was adjusted to an initial spacing of 0.5 inch. Heat flux
per unit area, q, (Btu/sq ft hr) was determined by measuring the rate of nitrogen boil-
off from the measuring dewar. When equilibrium boil-off was achieved, the spacing
was reduced to the next thickness required in the program (0.33") and equilibrium boil-
off was again established. Equilibrium boil-off was achieved in approximately 12 hours
for maximum sample spacings and in approximately 6 hours for minimum sample
spacings. The same procedures were applied to measure the equilibrium heat flux
through the sample at a flat plate separation of 0.25 and 0. 125 inches.

4.8.2 TEST RESULTS. Test results for both samples are summarized in Table 4-5.
Figure 4-10 represents a plot of the heat flux per unit area as a function of shield density
along with the theoretical heat flux per unit area for a 15-shield system. For the mini-
mum shield density measured, the heat flux per unit area becomes asymptotic to the
theoretical heat flux per unit area. The sample with the Superfloc spacing of 1/2" had
slightly higher heat flux per unit area for all shield densities. At the higher shield
densities when the insulation package is under slight compression, the increase in heat
flux per unit area may result from adjacent radiation shields touching each other. At
maximum spacing, the 10% difference between the tabular values of the heat flux per
unit area for the two samples is not considered significant because the measurement
accuracy is +5% at low boil-off rates. Additional differences in the behavior of the two
samples might be accounted for by slight differences in the effective emittance »f the
two sides of the samples.

Figure 4-11 is a plot of the apparent thermal conductivity versus the layer density. As
a comparison,ke is shown versus layer density as determined by Lockheed in Ref. 4-2.
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Table 4-5. Summary of Performance for Superfloc Goldized Kapton
Multilayer Ingulations
Description: Fifteen Kapton radiation shiclds with vapor-depoaited gold on both sides and
Superfloc tufta oa oue side.
Sample Diameter: 11.5 inches
Vacuum Less than 10-5 worr
Cold Plate Temperature: -320‘F
l Apparent
Tempersture Sample Thermal
of Warm Side Thicknes® Shield Fenaity Heat Flux Conductivity
{°F) {in.) {ahields/ln. ) (Btu/sy ft br) | (Bwu/ft hr “F)
Sample No. 1 81.0 0.510 29.9 0.132 1.37 % 1075
3/8 in. Tuft 42.0 0.346 43.3 0.277 1,3
Specing 80.0 0.347 43.2 0.273 1.
8.0 0.247 60.7 0.686 3.52
19.2 0.138 . 109.0 3.153 9.13
Sample No. 2 80.5 0.498 30.1 0.144 1.50 < 10°%
1/2 ia. Tuft 80.5 0.320 46.9 2.385 2.56
Spacing 78,5 0.250 60.0 0.876 4 59
18.8 0.152 98.7 2.980 9.47
L
4.9 SUPERFLOC RADIATION i e S

-xij R

SHIELD FABRICATION

T ——— i e e o m e

4.9.1 IMPROVED, LOW VOLUME
MANUFACTURING METHODS. A new
method of fabricating Superfloc was
investigated, The fabrication equip-
ment, illustrated in Figure 4-12

would be designed to deliver contin-
uous sheets of Superfloc insulation.

The film material would be fed across
a vacuum printing table. The vacuum
feature of the table will eliminate
taping and tearing of the film. The
vacuum aiso will prevent the film
from being lifted and prevent
smearing the adhesive when the silk
screen 18 raised. Upon the printing
table is a silk screen that can be
raised and lowered by one man. The
silk screen is removable for cleaning
at the end of the shift. Sliding back-
and~forth across the silk screen is a
squeegee that can be operated by one
man and is also removable for easy

cleaning,

. "AREA q, Bt/sq ft he

_J_/ saMPLE no. 1]
WARVE R LS

HEAT FLUX PER .

iknd ey Sentiont Tmo“ﬁ'ﬁﬂ‘ -
60 100

40 80
SHIELD DENSITY, shields/inch

Figure 4~10. Heat Flux per Unit Area,
15 Layers of Superfloc
Goldized Kapton
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After the Side‘bY‘Side printing A.D. LITTLE DATA:
operation, the film would pass :'u - Mox
. _ ‘e = 140

over rotating, hexagonal A DGK SUPERFLOC 3/6-INCH TUFT SPACING -
shaped bars. Dacron flock 8 | O DGK SUPERFLOC 1/2-INCH TUFT SPACING
would be dropped onto the LOCKHEED DATA: REF. CONTR. NAS8-20758

. . . . 7 |ty = s40°R
vibrating sheet; vibration Tc = 140R
causes the flock to stand on © DAM SUPERFLOC 3/8-INCH SPACING

end. Air should be blown o b L
down onto the sheet and to- N T S B
wards the flock dispenser, > | . g /

both before flocking and |

after flocking. This would } c-/ /
/ / /
1//
’
T

APPARENT THE RMAL CONDUCTIVITY, BTUAr ft °R > 10"
w
-
-
s

IS
 k\\x

W

prevent premature flocking
and aid in removing excess
flock. MNore flock could be
removed by mounting an
electro-static eliminator
such as produced by the
Nuclear Products Division
of 3M Company of St. Paul,
Minnesota,

b

The flocked sheet is then
loaded into the storage booth
by one man operating a flock- |
loader. At the present time o
four people are required to !
remove the taped sheets from '
the printing table, flock them ‘
and hang them in the flock |
booths. This eguipment and . i
l

o~

process would allow one SRR
person to do these operations.

0 20 40 ’ 60 80 ] 100 120
This process would have the LAYER DENSITY, layers/inch

advantages of fewer tears, Figure 4-11, Thermal Conductivity Versus Layer Density
better quality, freedom from

taping operating, a cleaner product, faster production, fewer men and manhours re-
quired and lower cost. This process would require approximately one-half as many

manhours as the present method.

Other companies expressed an interest in fabricating Superfloc,

1. Mask-Off Company, Monrovia, California: This company was interested and had
potential capability for printing the adhesive dots on Mylar or Kapton film. As now

conceived, the film would be printed and placed in a roll complete with separator
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Figure 4-12, Superfloc Fabrication by Continuous Sheet Method

film. After Convair had received the roll, the film would be flocked and stored and
the separator film would be discarded. This method of production would result in
high quality Superfloc material, low cost, high production rates and continuous
sheet capability.

Accumeter Laboratory, Inc.: This company produces high pressure adhesive
applicator equipment which could possibly be used for a high volume, completely
mechanized production line to place adhesive dots on Mylar or Kapton film., The
company indicated that approximately 2500 square feet of Superfloc could be
fabricated per hour, however, the equipment will cost about $25,000. The main
development required for this process would be a suitable adhesive since generally
this equipment uses a hot-melt type adhesive.

Richmond Plastics, San Diego: The Richmond Plastics Co, can furnish a per-
forated plastic film which could be stretched tightly across a silk screen frame and
used in an identical manner to the present silk screen. The cost of the perforated
plastic film would >e a minimum order of 1500 ft2 at a cost of 3 :600. Although this
concept would save the cost of cleaning a silk screen the volume required to
amortize the cost of the plastic film would be quite high,

4.9,2 PRODUCTION METHOD, Information in the following paragraphs is taken from
the G. T. Schjeldahl Company of Northfield, Minnesota, Proposal 51623, '"Development
and Fabrication of Machine to Produce Superfl:.c,” The information is presented under
several topics, namely, statement of problem, description of individual equipment
components, basic equipment specifications, aud program plan,
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4,9,2.1 Statement of Problem, The problem is to design and build production equip-
ment for manuiacture of Superfloc material.

Adhesive Coating. One of the major problem areas anticipated is the application of the
adhesive in discrete round or irregularly shaped dots. Technology for solving this
problem exists for relatively heavy webs such as paper or cardboard; however, the
problem is the very light film used for Superfloc. Smearing of the dots results in
flocking material covering a larger area than desired. This result increases the
weight of the material and reduces the efficiency of the product. The solution to this
problem is in web tension control and precise control of the web speed in relation to
the speed of the coating roll.

Adhesive Flocking Compatibility. Another anticipated problem is choosing the adhesive
system that accepts the monofilament fibers and allows them to penetrate the surface
tension or skin of the adhesive so they remain erect on the surface of the film. To
solve this problem Schjeldahl proposes to set up a laboratory model of the flocking
machine to establish the exact adhesive mixture and drying times required.

Film Handling. Movement of extremely lightweight films from stationto station
through the process is also a problem. The solution to be applied here is a vacuum
table that affixes itself to the bottom of the web so as not to disturb the tufting.

The Basic Process Description. Here is a brief description of the process steps in
the manufacture of Superfloc, Tigure 4-13 illustrates the flow of material through the
Superfloc machine.

1. The vapor deposited Mylar or Kapton will first be unwound with tension control
from a master mill roll,

2. The material will then pass through a coater designed to apply a preset amount
of adhesive in a given configuration to one surface of the film,

3. The coated film then passes directly into the flocking machine where the staple
Dacron fibers are applied. Excess flocking material is removed by a weak
vacuum as the film exits the flocking machine. At this point, a vacuum blanket
will be used to transport the film.

DOUBLE MODULE . 20' OVEN

WEAT ELEMENT

ARLEEEK]

FLOW OF MATERIALS

Figure 4-13. Schjeldahl Superfloc Production Method
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4, The flocked film then passes into ar oven to remove residual solvents and cure
the adhesive.

5., An airknife then cools the film, and vacuum and brush systems remove loose
fibers. The brush system is used to remove poorly adhered fibers from the film
and from the tufted areas. The vacuum system can return the loose materials to
the flocking station if desired.

6. Then the film finally passes to a tencion control rewind and is ready for shipment.

4,9.2.2 Descripti’n of Individual Equip:nent Components., The Superfloc machine is
composed of a film unwind stand, a multimethod coater, a flocking station, a vacuum
blanket, an oven, a cooling and cleaning station, a film rewind stand, and a range drive
system. Threse individual equipment components are described inthe following paragraphs.

Unwind Stand. This component is a center-bar-type unwind stand for 18-inch-maximum-
diameter rolls, It is complete with a wheel-mounted, heavy welded-steel frame, flow
tracks, and adjustable tension control.

Multimethod Coater. The multimethod coaier has knife-over-roll coating capability.
It is a welded~tubular-steel frame, 10-inch-diameter, Hycar ruh ~r-covered coating
roll with interchangeable printing assemblies.

Flocking Station, The flocking station is a double, ac/mechanical module complete

with three rotary-brush feed units, heavy two-ply rubber, stationary beater blanket
with tensioning arrangements, beater bars, external vacuum cleanoff, and 60-kV/60-
mA alternating current power supply complete with high-voltage transmission equipment
and safety interlock system.

Vacuum Blanket. The vacuum blanket is mounted on a tubular steel frame and is com-
plete with a porous blanket, a blanket-tracking system, and a vacuum-motor-blower
assembly.

Oven. The electrically heated radiant oven is capable of maintaining the temperatures
of the film at 100 to 400F. The oven contains support rollers, slides, and edge-tension-
ing rollers to hold the film flat and eliminate wrinkles., The length and heating capa-
bility of the oveu are to be determined after laboratory tests and adhesive selection,

Cooling and Cleaning Station. The cooling and cleaning station consists of an air knife
plus an open-face-type brush/vacuum unit and an adjustable beater bar. It includes a
separator and recycle to return acceptable flocking material to the flocking station,

Film Rewiund Stand. The film rewind stand consists of a variable-tension-controlled,
two-spindle, power rewind designed for six-inch-diameter paper cores. This stand
is to have a rubber-back draw roll to permit minimum take-up tension on the rewinu
mill roll,
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Range Drive System. This system is a U.S. Motors Varidyne range drive with alterna-
tor and variable-speed slave motors driving the following components: multimethod
coater roll, flocking station conveyor, vacuum blanket, oven ~onveyor, brush roller,
and film rewind system,

4,9,2,3 Basic Equipment Specifications. Specifications for the ‘c equipment are
as follows:

a, Capability to handle film widths up to 60 inches.

b. Capability to handle material thicknesses of oriented polyester films down to and
including 0. 15 mil.

c. Capability to apply solvent-based polyester and/or acrylic emulsion adhesivestoa
specified pattern or configuration by changing the printing roll. Minimum line
width or dot diameter to be 1/16 inch with minimum spacing between lines and
dots of 1/8 inch,

d. TFilm speed of 10 feet per minute minimum may vary, depending on the adhesives
used, The equipment will have a maximum speed capability of 50 feet per minute.

e, The flocking station shall be capable of handling filament lengths ranging f1 ..»
0.020 to 0. 10 inch and diameters ranging from 1.5 to 8 denier.

4,9.2.4 Program Plan. Schjeldahl proposed to design and fabricate the Superfloc
machine in its facility at Northfield, Minnesota, A test run of 500 yards will be fab-
ricated after the equipment is de-bugged and this 500-yard test run will be supplied to
General Dynamics as a qualifying sample.

Final System Layout. Based on the result of laboratory tests, the overall process
equipment and individual components will be re-evaluated, and a final system layout will
be prepared. Detailed drawings will then be prepared on those items to be built or
adapted especially tothe process., Off-the-shelf equipment willbe used where possible.

Equipment Fabrication, Before actual ordering of parts and assembly of equipment,
Schjeldahl advises = design-review conference with General Dynamics to reassess the
objectives of the program and the design parameters of the end product., Fabrication
of the equipment will follow concurrence on the objectives and design details.

Equipment De-Bugging. Equipment will be setup at the Schjeldahi facility in Northfield,
Minnesota, for de-bugging and yunning of a 500 yard qualifying sample, Based on the
results of this run, operating costs will be estimated based on varying quantities and
submitted with a final report to General Dynamics.

Budgetary Estimate. The budgetary estimate for the proposed Superfloc machine,
including a 500~-yard demonstration run of Superfloc insulal »n material, is $127,000.
The projected cost for production quantities (defined as more than 30,000 square yards)
of material produced by Schjeldahl on this machine, using a 0.15-mil aluminized Mylar
film, is $0.75/s8q yd, or $0.084/sa ft,
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SECTION 5

SUPERFLOC INSULATION COMPONENT DEVELOPMENT

5.1 BLANKET ATTACHMENT DESIGN

The design of fastener componenis for experimental superinsulation systems was the
objective of this effort. To initiate the designs, assumptions we.e made for areas
currently unidentified with the intent to make configuration adjusiments when data is

developed.

Using the recommendations of Reference 3~1, alayout of the basic insulation approach
was made for the 105 inch diameter MSF C test tank; surface areas, seam lengtis and
weights estimated; and the primary loads established using "G" factors (Section 2)

/N, NUMBER OF
BLANKETS
TO BE DETER-
MINTED RY
OPTIMIZATION
STUDY
(POSSIBLY 3)

(_ 40° GORE
BLANKETS

CONICAL CAP
BLANKETS

Figure 5-1. Insulation Design Parameters/

105 In. Test Tank
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coupled with pressure differential
across the blanket layers. Figures
5-1 and 5-2 show the basic arrange-
ment, support method, and lozds.
The activities included blanket
attachment design trade offs, twin
pin fzstener arrangement, fastener
component details, blanket core sheet
tear out analysis, elternate blanket
attachments, blanket to tank attach-
ments and nonstructural fasteners.

5.1.1 BASIC DESIGN DESCRIPTION.
A typical blanket layer installation
consists of a cylindricsl element at
the neck area, a forward conical

cap p.2ce, nine 40° gore sections and
an aft spherical cap section (Figure
5-1). The gores are continuous
elements spanaing between the forward
and afi caps. Each blanket layer is
rotated from the adjacent assembls

to obtain iongitudinal seam stagger.

The insulation is supported by a
series of pins bonded to the tank
wall and located at 45° from the tank
axis. The pins are interconnected
by an external ring which limits the
pin deflections. Load magnitudes



Agsumptions:

1. Eighteen fasteners at Sta 1, seams spaced } FWD

at 8.4 in. 10.0 DIA CONICAL

CAPS

2. Sixteen fasteners per gore seam, 8.5 in. on STA1 = 48.0 DIA
spherical and 14 in. on cyl. region. yz4 ?.’ S STA 2
SUPPORT
PINS

3. Twenty-seven support pins at Sta 2.
4. Density of blanket = 0.000602 1b/inZ.
5. Designloads indicated in Section 2.
SPHERICAL
Estimates: CAPS

1. Blanket weight aft of Sta. 2 = 21.4 1bs.

2. ("G"loading acting at Sta. 2) = {Wt of blanket layer) ("'G" factor) = 75.0 Ibs.

3. Support pin design load including safety factor = 3.89 ib/pin.

4. "G"loading ut Sta 1 = Area

Sta 1 = Sta 2 X Blanket density X "G" =9.15 1b.

5. Ventload at Sta 1 = AP across blanket X (area) (cos 5.5°/sin 24%)* = 42,4 1hs.
6. Total load at Sta 1 =51.55 or 2.87 1b/pin.

7. Ultimate design load at Sta 1 including safety factor = 4.02 1b/pin.

8. Latera' "G" loading at gore seams = 0.5 (Bl. Wt) X "G" = 30.6 lbs.

9. Average fastener load at 14 in. spacing = 1.49 lb.

10. Vent load at gores = (AP across Blanket) (Blaaket radius)/4 acting seams =
1.89 1b/fastener.

11. Total design load/fastener inclu:.ng safety factor = 4.7 1b.

* Reference 3-1

Figure 5-2. Load Estimate
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and conditions are shown in Figure 5~2.

5.1.2 BLANKET AREAS, SEAM LENGTHS AND PENETRATIONS. The seam length
per blanket layer was estimated to be 1650 inches. The number of through penetrations
for the support pins is 27.

For the 40° gore arrangement per Figure 5-1 and the fastener spacings assumed in
Figure 5-2, the total number of penetrations for each blanket layer due to the twin pin
fasteners was estimated to be 545,

5.1.3 LOAD ESTIMATE. The insulation is subject to accelerations and a pressure
differential across the blanket layers. The load estimate shown in Figure 5-2 considers
"G'" factors directed parallel and 90° io the tank axis. The blanket density and venting
pressure gradient values stated in Reference 3-1, pgs 5-15 and 5-9, were used. The
ultimate design values include a 1.4 safety factor.

5.1.4 BLANKET 10 BLANKET ATTACHMENT DESIGN TRADE~OFFS. A superinsula-
ticn fastener must transfer 1oads between blankets; provide positive gap control at the
seams between blankets; maintain the spacing between the insulation layers; and be
receptive to positive inspections. The fastener must also be replaceable with a
minimum of effort. Ten fastener methods involving the use of cords, interlayer spot
bonding, mechanical tapes, adhesive tapes, pins and grommets were investigated and
cempared to the twin pin/grommet approach developed under Reference 3-1. The cases
are summarized nnd evaluated in Table 5-1. The previously developed twin pin
approach was retained for use in the final design.

5.1.5 INITIAL TWIN PIN FASTENER ARRANGEMENT. The initial experimental twin
pin arrangement shown in Figure 5-3 uses two pins with heat swaged ends and two

connecting links. Production
type designs would reflect the

PIN [2) —ar — CONNECTING LINK ) FACD SHLET ) )
@ gy . 4 two pins and one link molded
sl A | e —— e ——— ; ~————— into a single unit as shown in
s — s e . - .
- . ! M ——— P — Tigure 5-4. The pins engage
GROMMET-*} 1} | i B b¢ . . ‘s
@ v; 2EINFORCEMENT ———— — f — ru:{.\:roncc- with grommet type fittings
f |{ioan AXD e —— 1l =ucxrtar i which, in turn, are attached to
1}! ] SHEETS BONDE D —— — )=
il [ToGROMMET = | [} — the blanket layers and face
USING FROZEN T 41+ - & CORE .
! i avwsie ! H '\\_ﬂmms sheet rem[orc'ement t.abs.
it mm—— Y 1 ~ 36) Frozen adhesive applied to
IR 5 [ -
’ ] | il —  the grommet prior to installa-
i —— ———|i|*=—————— tion,bonds each core sheet and
9, L === ————lil-——————  the tabs to the grommet.
‘_‘:“ | b e - —e—— it A o T
=l = = s )

PINENDS - ™ CoNNECTING LINK

IACE SHEET —

5.1,6 TWIN PIN COMPONENT

SWAGED DETAILS, A summary of the
initial experimental twin pin
Figure 5~3. Initial Experimental Twin Pin fastener components, including

Fasgtener Agssembly
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Table 5-1. Blanket to Blanket Fastener Evaluation
SPACER SEAM
MATERIAL DENsITY! LOAD |conTroLlassemBry| TOTAL
*
CASE DESCRIPTION** NON | CONTROL| TRANSFER RCPAIR | RATING
RIGID ) RIGID | _
1 Links/Pins/No Grommets x 24.5 2o "l 2s 0 - Thegs
. | S S 1
Swaped Retainers 735 P 20 25 v | 80
2 Links/Pins/No Grommets = [24.5 7 Bo 25 9 78.5
Mechamcal Retainers /35 20 25 9 89
3 Pins/Bonded Links = 24,5 - 12.5 10 6 53
4 12, 10 6 | 635
4 Cord Lacug/Pins * 24.5 10 v 7.5 42
35 10 o | -7 1.5 52.5
5 Cord Lacing/Grommets + |28 12.5 o _~"lis 55.5
-7 35 12. 0 i5 62.5
6 Mechanical Tape/Pins * 28 12. 6 10 t'AS 15,5
35 12. 10 15 72.5
7 Spot Bonds with Spacers ® 35 25 25 6 91
35 25 25 a 9
8 Interlayer Spot Bonds A 24,5 25 7. 12 79
7 25 12.5 12 50,5
9 Each Layer Taped hd 7 7.5 10 0 24.5
0 20 15 3 33
10 [Grommet/Links/Button * 28 25 25 6 84
 Retainers 35, 25 25 Y L))
11 [ Tuin Pin With Grommets/ «  J2g 25 25 15 i3 -
|Svaged Pin Ends (see Fig. 11) @ 15 25 25 15 100
{Rating S— Rating
Fac:or)(ﬂatmg) XN . Faoctors —P 35% 25% 25% 15% l
b Non Ragid ! N
For Rugd XX or Non Rigi Ratmg.(‘ to 100.'0 I::or & 100 Bestl;d . )
*Could Le adapted to bota but generaily more applicai le as shown, ®Assuming one link & two pins moulded.
**Ref 3-9, Pg 3-42

0l x ¢s®
_ [——  1.000 ———y
M T OPTIONAL
i
. . 087 )
109 ' !
‘ |
| !
818
;/-.uo& P l
L J y [
- X
Taz0 1° DRAFT

TYP TWO SIDES

N i ¢
. DAY Lol zgo
N T3 'y

MATLRIAL POLYPHFE Y LENE OXIDE {PPO)
ALL DIMENSIONS iNCHIES.

TOLERANCS EXCEPT WHFRE NOTED
XX 2.0
LXXX 2,010

tab fittings, are shown in Figure 5-5. It
was found that the low wall gage in the
grommet prevented uniform material
distribution during the injection molding
process. Also the pin dia shown in Figure
5-5, coupled with bonding between the
reinforcement tab and the grommet,
caused riapufacturing and assembly
difficulties. The initial designs were
therefore revised as shown in Figure 5-6.

5.1.7 CORE SHEET TEAR OUT. The
scrim reinforced face sheets on a blanket
assembly react the primarv loads,

however the core sheets are also subject to
tear out which requires the bonding of each
core sheet to the grommet. The core sheet
load estimate for the new design indicated

1.291bs (Ref. 3-9, pg 3-43) for each »rimary
support pin. Evaluations of new test results
Figure 5- 4. Molded Twin Pin Fasteners were made at subsequent activities.
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Table 5-2. Insulation to Tank Attachment Evaluation®**
SPACER
MATERIAL DENSITY LOAD SEAM ASSY & TOTAL
CASE DESCRIP1ION RIGID | .NON |CONTROL TRANSFER CONTROL REPAIR |RATING
RIGID
1 Button/Cord/Grornmet * 25 ? 7.5 10.5 50 ’
25 7 2.5 10.5 50
= =
2 Button/Cord/Reinf. Patches * 17.5 7.5 5 ¢ 30.25
_ 0 12.6 5 5 12,175
3 Mechanmical Tape/Pins b 17.5 17.5 10 12 57//
17.5 17,5 10 12 _ 57
25 17.56 25 15 82.5
4 Pin/Grommet & > /
s L-"11s 25 15 82.5
25 e 25 13.5 98.5 i
5 Pin/Grommet/Load Ring hd
25 35 25 13,5 98,5
2 . 2 .
6 Pin/No Grommet * 5 17.5 5 ° 7.5
25 12,5 25 0 67.5
7 Pins/Grommets/No Direct * 15 17.5 25 13.5 7.0
Attachment to Tank . 10 17.5 25 13,5 66. 0
{Rating Rating 57 35 2 257 15 2
Factor) x{Rating) . Factors i
For Rigid _/:%F—For Non Rigid*# Rating 0 to 160 (0 Poor & 100 Best)

s« Such as flocking.
les » See Ref 3'9-Pg3'50

* Could be adapted to both but generally more 2ppiicable as shown,

Reinforcement Tab

. 062+. 002
.028 -
023 1. 0001 LD.
ey NN (N
] L. 003R Max. 106
.094 [
.03 i 102 &P

Grommet
025

fm1.00— ~ -020 &

1.1 . 01x45°
r— _.)/—cha:\

. 057

dia,
. 054 °12

Pin

-Wt, =.000412 1b .

Wt. =.000225 1b

. 062+, 002 holes

Material: Podlyphenylene Oxide (PPO)

Tolerances Except Where Noted:
XX £ 030
XXX+ .010

{Cross 2
Sectional =.006 in
Area)

Wt. = .000298 1b

Wt =.000110 1b

(Cross 2
Sectional =~ 0255 in
Area)

Figure 5-5. Initial Twin Pin Fastener Summary
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5.1.8 BLANKET TO TANK ATTACHMENTS. The loads created by the weight of the

insulation during acceleration and vibration modes is transmitted to the tank wall using
fasteners. Seven fastening techniques were investigated and are summarized on Table
5-2. Case 5, which uses pins bonded to the tank wall, was selected for use in the final

design. The pins may be loaded as cantilever beams (Case 1) or as simple supported
beams if the outhoard ends are interconnected with a ring. The ring decreases

deflections at the blanket support points.

5.1.9 NON-STRUCTURAL FASTENERS. Ideally the spacing between the multiple
radiation shields of a superinsulation blanket should remain constant; however, this is
not achieved in practice due to blanket sizes, quality of tooling, the material which
separates the layers, the magnitude of transient compression during flight, and

recoverability to the original dimensions.

To minimize the affects of the above, density

control fittings which interconnect the blanket layers may be selectively located on the
insulation surface. Three concepts (per Figure 5-7) were investigated and evaluated

per Table 5-3. Case 2 was selected.

5.2

COMPONENT AND BLANKET ASSEMBLY TESTING

The purpose of the structural tests was to verify the component designs of the proposed
Superfloc blanket insulation system and to ensure their adequacy in withstanding the

flight environment. The testing was accomplished at the component and blanket assembly
level. Table 5-% outlines the various tests and indicates purpose and justification for

BUTTON BONDED TO

FACE SHEET ‘& { FACE SHEET (2)
e Y.
i CORE SHEETS
— SPA‘CED WwliTH
]
==
CASE ]

CORE SEEETS
‘) PIN HEAD AND

[ BUTTION BONDED
PIN BONDED 1 TO FACE SHELTS
TC CORE — ———————— USING FRZZEN

SHEETS WiTH — ADHESIVE
FROZEN ADHESIVE ———— 4 r—e——r

—

CASE 2

FACE & CORE
————————— SHEETS iNTERFONDED
b —~USING RIGID DiSC
P SPACERS

R S —

Figure 5-7. Nonstructural Fastener Concepts
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each experiment performec.

5.2.1 GROMMET/CORE SHEET/
ADHESIVE TESTS. The designed
grommet (Figure 5~5) was attached
to 30 layers of goldized Kapton core
sheets 4 X 6 in. in size. A hole was
drilled through the core sheets and
adhesive, Crest 7343 applied to the
grommet. The grommet and the
adhesive were then cooled in a
refrigerator. After insertion of the
grommet into the drilled hole at
ambient temperature, the adhesive
cured as it warmed and attached all
core sheets to the grommet at the
proper separation distance.

Three specimens were tested to
failure at room temperature by pull-
ing the grommet. Specimens No. 1,
2 and 3 failed at 2 maximum load of
19.21bs, 17 Ibs, and 31.8 lbs,



respectively. In all three cases the core sheet material failed and not the grommet. All
three specimens met the design requirements of 4. 73 lbs per fastener.

5.2.2 BLANKET SIMULATION FLEX AND STRESS TESTS. The flex and stress tests
were conducted to evaluate the effects of cyclic stress including optical and tensile prop-
erties in the proposed blanket configuration at ambient and LH2 temperature. Emissivity
and room temperature tensile strength were measured following the cyclic exposure.
Condition of the spacers and adhesive bonds were also observed and recorded. The flex
test specimen was a blanket composed of four layers of 6 in. X 10 in. double goldized
Kapton with Dacron fiber spacers and two Pyre ML face sheets. The ends were reinforced
to allow for bolt attachments.

Table 5-3. Nonstructural Fastener Evaluation

A 21 1b lead weight (desi
SPACER MATERIAL| |\ \SITY |EASE OF | TOTAL q gg { &,
casE |pEsCRIPTION®® |10 T NON ™} coNTROL [ASSEMBLY| RATING load) was attached to one end
Iy} 20 62 cf the specimen, and a rod
1 Button/Cord *
enite 0 20 20 was attached to the other end
b4 30 - . - .
2 Button/Pin T i as shown in Figure 5-8. This
60 40 10 i
50 3 68 assembly was then placed in
Bond « .
’ ‘Jlfi;,‘éf;,” 60 12 72 a LHo cryostat as shown in
Rating Factor == 60 % 40% Figure 5-9. A lever system
{Rat.ng provided movement of the rod
Factor) “otre) Rating 0 to 100 ;¢ Pocr & 100 Best) )
V between adjustable stops. At
For Rigid ~— «—For Non Rigad L .
the position where the weight
* Counld Be adapted %o both but generally applicable as shown just touched the bottom of the
** Ref 3-9.pg 3-35 cryostat, one stop was placed

Table 5-4. Plan for Component and Blanket Assembly Tests
_— G U PN
- } Test !
: Temp. Toad
Kind of Test °F Test Materials Required Purpose of Test Test Specimen Results
_,_f\.g.._‘—: e e - ——— = - .
©. Grommet/ : RT. PP1) grommets, 1.731b Ler derme as Design Proot Grommet attached Stevctural rgmt was
Core Sheet / | double goldized fastener Test for grommet/adh., to 30 layers of met. Test loads
Adhesive Test Kapwn, silane insul. ~ore sheet confir. DGK; 4+ 6 inch. obtained were 17,
mod Crest 743 "1%.02 and 1.- s,
adhesive .
2 Blanket R. T Fiberglass Scrim/ 100 cxcles  Evaluation of effect of Blanket o1 posed No severe strucmral
Sunulaton Flex =420 Pyre M L face and design  cychic stresses on lace of livers DGR 6+ damage  No ophical
& Stoess Test sheets. goldized Towd of sheets. 1on flocked and change.
, Kapton, s, mod. 211bs 2 pPyre ML fuce
Crest 7343. sheets.
3. Reinforce~ ? RT ’ PPO tab, Pyre i Tolbs Serve as a tab/face sheet i -~in. {ace sheet Structural rymt
ment Tab/Face' " ML face sheets, design proof test and id  with 1 rewnforce- {was met. [lest
Shee: Test | silane mod. 7343 in gelecting hegt design.  meat b, Hoads obtaine] were
. adhesive. e & 31 Th,
;4. Fastener- « -320 ‘] PPO 4 741h per Venficaton of struct- Fastener/Link The design load was
Lunk Test , RT. | | fastener ural loading. assembly met in final tests at
| +300 ! specified temu  See
. Section 7 2 12
""». Blanket -300 : XK, Pyvre ML 2% 51ha Tensile strength test of sy lavers of Strusvtural rgmt was
i Joint Tensile R T. ; ¢ .ce sheet, PPO | for & blanket design to eval. flow ked DGK and met. Falure at 61 5 ‘
Test <300 ! fasteners, sil. attachn.ents strucwirai performance 2 Pyre ML face  1hs during S00°F rest.
' \ mod. 7T343. and etfect of londing on sheets, s1¢ odean, recovered to
i seam wudth, f1steners Tnormal af'er Toad rel.
6. Elanket ‘ RT ; DGK, Pyre ML face OMS, vsh Mahe sure insul. sys. Same as 5. iNo falure occurred
. sheet, PPOfasten- level, see can withstand vibration Juring final tesung 1

iVibration Test | 300
i L -

| ers, mod. 7343,

- -

' Sect. 3.2 b

1oads of an actual Night.
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to allow approximately an additional 1 in. downward movement of the rod from this
position ard the other stop was placed to allow an upward movement of .5 in. from this
positicn. These positions allowed a 1 in. flexing action followed by a stress loading
achieved by lifting the attached weight approximately .5 in. off the bottom of the cryostat.

Initially, 200 cycles were run at ambient temperatures at a rate of approximately 3 to 5
seconds per cycle. The specimen was then removed and observed for damate. The
apparatus was then reassembled and the cryostat was filled with LHy. Again, 200 cycles
were run at approximately 5 to 6 seconds per cycle. This slower cycling rate was to
insure that no dynamic interaction with the LHg would occur. The stops for the LHo
cycling were adjusted after the LH, fill to insure that internal contractions were prc rly
congidered in the flexing action. Also, the buoyancy weight of lead in LHy wasles .r
1% of the total we ght, and was therefore ignored. Final examination of the specimeu
reveal emall tears (arproximately 1/4 to 1/2 in.) at one attachment corner. No other
damage was observed and no signifi::ant stretching was noted either during or after the
testing. The emissivity was measured before and after the test of ambient temperature
to be .021 and . 022, respectively, indicating that no optical damage did occur.

5.2.3 REINFORCEMENT TAB/FACE SHEET TEST. The reinforcement tab and face
sheet materials were subjected to penetration pullout tests similar to those performed
for Contract NAS8-18021 (Ref. 3-1). The test specimen and a typical reinforcement
tab configuration are shwon in Figure 5-10.

Two tab reinforced face sheet specimens were tested to failure in tension at ambient
temperature. Specimen No. 1 failed at 38.6 1b and Specimen No. 2 failed at 31.7 1b.
Both failures were in the face sheet, in the vicinity of the tab. The failure load at room
temperature of both specimans is clearly above the design load of 4.73 1b per attachment
assembly. This test was repeated at a temperature

i‘-2'0.’.{ {' of 300F during the Fastener/Link Tensile Test
QI 0304 (Section 5.2.4).
0.093 1444—4: 5 ’
HOLE SR atst 5.2.4 FASTENER/LINK TENSILE TESTS. The
14# E purpose of the fastener/link test was to verify the
AR D[REE:F%[ ot design load of 4.73 1bs (Figure 5-2) per insulation
SHOWN AT 4 g.0o ottachment st -320, ambient and 300F.
0-DEGREE (SCPIM ]
ORIENTATION) T 5.%2.4.1 Preliminary Tests. The initial design
! t E: (Figure 5-5) of the twin pins, grommets, and
0.250 B j; reinforcement tabs calls for molding when final
HOLE (3) T production begins. This method makes the cost
- s i -+ ‘ per pin, grommet, or tab relatively small, but the
R 0-75 initial making of the mold is expensive. Therefore,
11,25 11,25 | some preliminary tests were made on twin pins,
l — 4,0 o] t grommets, and reicforcement tabs that were

machined to size utilizing PPO flat stock. The
Figure 5-10. Reinforcement Tab/ designed twin-pin fastener was assembled into its
Face Sheet Specimen bicycle—chain-link configuration (Figure 5-11)
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LINK
&7 ASSEMBLY

STEEL

;.__(, PIN

Figure 5-11. Preliminary Fastener/Link
Tensile Test Configuration

without Superfloc or face sheets, and tested
to failure in tension at -320F, ambient and
at 300K, Three tests were performed at
SO0 one test at ~320F and one at room
temperature. Resulis ol these tests are
listed in Table 5-5. In all tests the required
degign load of 4,73 was exceeded and an
injection mold to fabricate all parts of the
fastener/link assembly wag ordered from
Leach Industries, San Diego, Ca. The
injection molding tool is shown in Figure 5-12.

A number of problems occurred when an
attempt was made to mold the PPO twin pin
fasteners per Figure 5-5. Because of the
thin cross~sectional area, It was difficult

for the PPO to completely fill all of the cavities in the mold. In order to successfully
mold the components, it was necessacy to revise the design shown in Figure 5-5 to the

final design shown in Figure 5-6.

Four molded specimens were fabricated and tested to failure in tension at ambient
temperature. The specimens failed at a load of 12,68, 14.65, 16.03 and 16.85 lbs.
The test apparat @ is shown in Figure 5-13. Two structural tensile tests were conducted

Figure 5-12. PBlanket Attachment Injection Molding Tool
G-11




Table 5=5. Preliminary Results of
Fastener/Link Tensile Test

Configuration
Temp. Ultimate
Test  F  Lowd W
i $00 9.50
2 400 9,25
3 300 9.73
4 =320 36. 20
) ambient 22.20

on the molded, revised fastener/ink
assembly (Figure 5-6) to verify the
design strength ol 4.73 lbs at 300F .,
Specimen No. 1 failed at a load of 3.6
Ibs. Specimen No. 2 failed at 4,37
Ibs. Boih test specimens did not
reach the necessary design load
requirement of 4,735 Ihs. Stardng at
a tensile load of two lbs, a distortion
of the grommets was observed in both
cases. 1he large deflections also
caused a permanent set of the
grommet/pin combination.

Figure 5-13. Fastener/Link Assembly

Test Setup The conclusion of this test was that

either a fest temperature above 300F

or the improper material o¢ the molding process coused the molded material failure.
The PPO material which was deliveved to Leach Industry was verified by General
Electric. However, chemical tests conducted at Convair Aerospace revealed resulis
contrary to General Electric conclusions. The molded material was identified as an
aromatic polycarbonate resin. The PPO stock material previously obtained from GE
was identified as polyphenylene oxide (PPO) material. It appeared that most of the
failures encountered at 300F were due to the use of incorrect material.

A new supply of PPO pellets was shipped to Convair Aerospace by General Electric.
The new pellet material was chemically identified as PPO material from which new
parts were molded and tested.

5.2.4.2 Final Acceptance Tests. Final acceptance tensile tests were conducted at
~320, 300 and 4 350F to determine the structural strength of the newly molded attach-
ment tabs. The test at ~320F was conducted mainly to evaluate the Epon 934 adhesive
at ervogenic temperatures. After reaching a satisfactory load of 10 1bs the tensile load
was removed and the test specimen was prepared for the 300F temperature test. The
load applied during this test was also 10 Ibs. No structural degradation was observed.
The third test was conducted at 350F. At this temperature the attachment link

H=12




#longated in the pin hole area, on both enpds. The load obtained during the test was 3.7
1bs. A reinforcement of the link would become necessary for link designs overating at
temperatures approaching 350F.

A final tensile test was performed to verify the structural strength of the attachment at
300F. The attachment assembly consisted of molded attachment tabs and link and
machined ping and grommets. A tensile load of 12.9 lbs was achieved, before one of
the links failed at the pin hole location. The result of the test is shown in Figure 5~14.

5.2.5 BLANKET JOINT TENSILE

PAULRE OF ek TEST. The purpose of the blanket
ey joint tensile test was to identify design
i ,I/{/ weaknesses at the subasgserably level,
= e i where {ixes are inexpensive, rather
z : - ; than during system prototype tests.
- g MMM’” 3 The blanket subassembly tensile tests
= vl L % were conducted using a blanket
x / e HOLLED TAB AND LiNRS, configuration similar to thot shown in
GobE IRCHS R AT YRR B PR M AT AL A A R
Chu IRTHANEE Cual POUE AN GHOMIE TS s TLANY Figure 5~15. The blanket consisted
A L AR : i 5
i 5 1 o T % of 33 layers of flocked, goldized Kapton
APPLIED LOAD. ib and two face sheets. The assembly of
Figure 5-14. Modiflied Fastener~Link Assembly two blankets is presented in Figure
Tensile Test ut S00F =16,

Three tensile tesis were conhucted at ambient, ~d00 and +300F temperature. The
specimen included the modified, approved blanket attachments (Ssction 5.2.4.2), At
ambient and -300F temperature, a tensile load of 30 1bs was successfully applied {(design
load for six attachments at 4. 73 1bs each = 28.4 lhe). The increase in size of the gap
geam recovered to the normal position after the load was released. The ambient test

0,004 HOLE THROUGH FACE SHEETS
0,120 HOLE THROUGH BUPERFLOC

3. Do - 40,6 (B PLACES
e S S AL SPACES WITHIN G, 03— 0,80
:;:f e e o "
MUW“(QN*’“‘%?W‘%?"“*“‘@?}M M”j
8,0
] ! ]
Ll gy bty
i ¥ £ + : }
11 BQUAL SPACES WITHMIN D, 00 meoim 44 5 ! L~
1. 5a ;: 33.0 U0 ] b O (REFL)

0,957 HOLE (02

0 LAYERS OF

ACE S 5
FACE SHEET SUPERFLOC

REIMFORUEMENT HOLE DETALL sHOWM WITHDUT
TAE BONDFD TO FACE BHERT CROMAMET INSTALLED

Figure 5-15. Superfloc Test Blanket
=13



set up for the loaded condition is
shown in Figure 5-17. The 300F
temperature tensile test was
conducted utilizing heating equip~
ment. The tensile load was
increased beyond 28, 4 1bs until
the specimen failed at 64.5 Ibs.
The result of the test is shown
in Figure 5-18.

5.2.6 BLANKET VIBRATION TEST.
A combined vibration and simulated

NAS
MS 21032« NUT (4%
OR EQUIVALENT

10U5=4

LOADING PLATE

SUPERFLOC LAY R
SPACER SHEETS

"G loading test was conducted at
ambient and 300F temperature utiliz-
ing the Superfloc blanket specimen
shown in Figure 5-15. The test
criteria were based on the insulation
e vironment expecied for the NAR

TWIN<PIN EA

?% TEST BLAKNKET %ﬁi
p5
Par2s : P

o o

G o 2 0 o o ]

STENER (6)

Figure 5-16. Superfloc Test Blanket Assembly

orbiter aft LH, tank, vibrated at 21.5 "'g" rms (Section 2.2). The blanket had on one
edge six structurally verified fastener/link assemblies, equally spaced. At the opposite
edge the core sheets were interbonded, lorming a reinforced hemmed edge, equipped

with 12 equally spaced holes.

At the test setup (Figure 5-19) the holes which were

equipped with grommets and tabs were attached to a fixture which in turn was
fastened to the vibration exciter. The opposite interbonded edlge was attached to a

Figure 5-17.
~ Blanket Load of 30 Lbs

_ |~

Blanket Test Setup at Ambient [emperatire

a=-14

loading bar through

12 springs which

were set at a pre-
determined deflection
by placing a total
counterwei vt load

of 8.5 1bs on the bar.
The ma nitude of the
counterwsight {pre-
loaded conlition) was
determined by using
an OMS {O Hit
Maneuvering System})
tank profile, assessing
a basic insulation
lay~up similar to the
MSFC 105~inch
calorimeter and
ralculating the

inertia loads consider~

ca 3.5 '"g" factor.

o ¢

i '



The counterweight produces a load
of 0,707 1bs per spring, which was
v the required design load. The
o value of the spring constant was
FL ADUESI 1 0.35 1b/inch. ‘The loading bar
AT s4.5 Lps| and hlanket test set=up is shown
e in Flgure 5~20. The apecimeu
Gk gwas eontinuously vibrated at the
maximum load of 21.5 g rms for
5 hours. The test load level was

LOAD, The

1 joBNO. a4 |

1T R T S I e then decreased to 70% of the
giboamnntnaRs o TEME. 1 maximum level and the specimen
[A% gas ““.‘.M«M‘ R : Lada 5 v o . .
o4 06 um 10 I 3 06 s tested for 2 hours., The last
BLANKET ELONGATION, inthes. portion of the test was conducsted

at 50% of the maximum level for
3 hours. The total test time of
10 hours simulated one hundred
missions. The schedule of the

Figure 5-18. Blanket Tensile Test Resulte at
300F Temperature - Tensile Load Vs Blanket

Defleccion test times was derived from the
energy levels that will be
/C:l\ TRIPOD achieved during the misgsion
gvcrrgr  profile. After complation of the
% supbon.  test,the insulation blanket and
L] VIERATION = attachments were examined for
2 EXCITER £ structural damage. 1iere was
INPUT EIXTURE  yipRATION no damage of the specimen after
AXIS K,«rmﬁ%‘i}“ the 10 hour ambient vibration
L mfi\}f{‘g test, Power spectral density

ﬁ"* plotted in Figure 5-21.

: bt
o 17 1}%&%%%% {ggflii?r; versus frequency (HZ)
BLANKET BEL ORDE of the 5, 2 and 3 hour tests are
i B BBER

. BANDE This vibration test program was

LOADING i' BAR POSITION WITH i continued by subjecting the same
BAR é,..ﬂiﬂf’&i'f TOEXCITED test specimen to the 21.5 g rms

" L 5RVIRONMENTAL CHAMBER energy level during which the
blanket surface temperature was
increased from ambient to SOOF
in 200 seconds. Heat was applied
on one side of the blanket, This test was repeated 19 more times for a total of 20
cyeles to simulate the representative temperatur: levels of one hundred missions.
Power spectral density versus froquency is plotted in Figure 5-22. No fullure
occurred during the 300 F vibratien test.

/M;a,,m? Tok

FIRING LOAL e

Figure 5~19. Superfloc Vibration Test Setup
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SECTION 6

THE RMAL ANALYZER PROGRAM MODIFICATION

The Convair thermal analyzer program P4560 (Ref. 6-1) was modified to pernit an
analytical evaluation of the heat flow through a mu'tilayer insulation system from ground
hold through boost to a space environment condition. This program is documented in
Convair's Computer Library as Computer Program P5431. Program P5431 contains all
the features of the original Thermal # ilyzer Program plus the ability to predict tke
interstitial gas pressure and the thermal resistanc - of this interstitial gas. Test cases
have been made to demonstrate that this program . .o running condition and ready for
use. Some of the equations used in this program are given in the foilowing section. A
listing of the program along with a sample output and discussion of the equations is given
in Reference 4-4.

The equation used in Program P5431 to predict the interstitial gas pressure, the thermal
conductivity of the interstitial gas and thermal resistance of the gas are given below.

6.1 INTERSTITIAL GAS PRESSURE

The equation for calculating the inters.itial pressure is

a—f'=Y1+(Y2xP+Y3)3;:%+Y4[g—’1::|2 (6-1)

where Y1 =2kT (/6; Y2 =Y4=¢g, §2/(12p); Y3 = 26/3[(8RTg ) /(7 M)]1/2
and  p=u_ (T/492)¢ (¢ is tabuleted in Ref. 4~4)

C= go('r/492)5° for T < 492R (6-2)

¢= go for T > 192R (6-3)

Equations 6-2 and 6-3 were derived from test data presented in Reference 4-6. The
reference indicates that the outgassing rate is highly depundent upon the temperature
of the insulation. A marked reduction in the outgassing rate was observed when the
insulation temperature was reduced to values below the freezing point of water. For
example, the outgassing rate at 472R was approximately 10 percent of that obtained
with the insulation at room temperature. At temperatures below 430R the outgassing
rate was so small that it could not be measured.

Equations 6~2 and 6-3 were programmed as the way the outgassing rate is affecied Oy
temperature. This is an empirical correlation which can easily be changed as more
information on the outgassing rate of the reflective shields is made available.

6-1



Two gases can be considered. One gas will be the gas that is initially between the layers
(purge gas) while the other gas is the gas that enters the system (usually water vapor) as
the total interstitial gas pressure changes. To handle this situation:

= +
M (#p Pp B, Pw)/P
M =M, Pp +M,, P)/P
vvhere P = Pp +Pg.
The initial conditions for the problem are:
P (x,0) = environment pressure at time zero
P (X,0) = vapor pressure of outgas constituent at the temperature of the gas
P, (x,0) = P (x,0) - Py, (x,0)
The boundary conditions for the problem are:
(BP/3x), g = (3P y,/3x)y g = (P Jax) =0
P(L, t) = environment pressure (any specified function of time)
Po(L,t) = P(L,t) = PylL,1)

w re Pg(L,t) is computed assuming that at any given time the mole fraction mf of the
o..zas constituent is a constant. Since mfy = P, /P

P_(0,1)
mfg, = P0.9° since mf, = constant for all .

therefore
P (0,t)
w

Py(L,t) = [m Pa
L

Equation 6-1 was solved using implicit finite notation.

The equation was used in the analysiz to determine the thermal performance of
Superfloc during ground hold and boost (Reference 8-3). During this analysis it was
observed, that the interstitial gas pressure was approximately equal to the ambient
pressure above 10~1 torr. This result agrees with the test data reported in Ref. 10-3.



6.2 THERMAL CONDUCTIVITY OF GASES

There are three basic flow regimes of any gas: continuum, transitional, and free-
molecular. The Knudsen number, Nkj, is used to define these regimes.

Ny, = - 707 kT /5 7d%p

if Ny, <.01
K = 3600 ¢ » C_. (Ref. 7-3) c, = _’21.1%_
€=':: (97 - 5) c, =12 1%.
Y C./C, y=n:12
where as before for pand M
€=l Pyt e o )/P n=n, Py * 0, Py/P

If .01 s Ngp < 1.0, use information given in Figure 3-18 of Reference 4-4. U Ngp 2
1.0, 1.t

5 P
K=8:. —= —= B (6-4)
Ml/z T1/2 K3

where B3 is equal to the value that causes equation 6-4 to yield the same thermal
conductivity as Figure 3-18 of Reference 4-4 for Ng, = 1.0.

6.3 THERMAL RESISTANCE OF THE INTERSTITIAL GAS
Since gas is being evacuated from between the layers, the convective mode of heat
transfer can be significant in the continuum and part way through the transition regime
(see Appendix C of Reference 4~4, Volume II).
If Nk <0.1 and Pr Re 2 100

R = 5/(3.77T KA)
If NKp <0.1 and Pr Re < 100

R =8/8KA

where g =1+ 0.0277 Pr Re



where Pr Re = [2PMV & Cp, (3600)] / R TK = [3600 PV (n +2)] / TKJ
V=4Pg, 6%/ @BpL)
= . - = - L
In the free molecular and part way through the transition regime conduction is the

dominant mode of heat transfer through the interstitial gas. Therefore, if Ng, = .10
R = §/KA.



SECTION 7

PURGE AND REPRESSURIZATION SYSTEM E VALUATION

Purge and repressurization systems were evaluated as follows: 1) analyses were
performed to predict the concentration of a purge gas in an insulation system, 2) helium
concentration tests were conducted to verify the analyses and 3) purge components were
studied which are suitable for hardware development.

7.1 HELIUM PURGING ANALYSES
The analyses included the development of concentration gradient equations as a function
of time and locaticn, a study inv)lving the diffusion coefficient and an analysis to deter-

mine the venting characteristics of Superfloc on the 105 inch MSFC calorimeter.

7.1.1 CONCENTRATION GRADIENT EQUATION. The basic equations for predicting
the concentration gradient were developed in Section 3 of Reference 7-1.

For dilute solutions, p A/p << 1, and for mixtures of two fluids with similar densities
DAO/PBON 1, where p =py * pg

ac* o 2
-aT- +div (C* V) —DAB v C* (7-1)

For mixtures with p Ao/p B, significandy different than 1

acx, div (C*V)=D —EE‘-’-— vzw (pA -PB )C*+p (7~2)
at ABf| o AgPB, PA,PB, By

where P A, > pBo' Now C* is not the usual definition of conzentration. Usually Cpyp =
my /r (mass concentration) or Cyp = VA/V (volumetric concentration) is used, where
m =mp + mgand V=Vy +Vg. Itcan be shown in Reference 7-2 thal

C*

“MA "1~ (op /oag] C* + Py /oay) (7=3)
TG, Bl> [0/Cya)-1] (7-4)
o 0
Also m=,V (7-5)
Cma =mp/tmy +mp) =pp Va’la Vp +ep, Vp) (7-6)
Rearranging yields



Vafael 1
Vg = 2 [— - 1] (7-7)

C
PB, MA
and v
Cya = 2 = 1 (7-8)
VA+Vp 1+ /0B ) [(1/Cya)-1]
Comparing 7~4 and 7-8 yields Cyp = C*. (7-9)

The above results yield the following equations for one dimensional flow for mixtures of
gases with a density ratio significantly different from 1.

Flow in x direction

oC oC P
VA vA "By d
+ = - i + -
5t " o CaB 3 @ Cvates) (7-10)
=Py - .
where @ = ( A, PBO) >0
Flow in radial direction
3C P
VA 1 2 Bo1l 3 )
+ - — = L - + -1
3t T or (rCVA ur) DAB P ar[r or on (o CVA pBO)] (7-11)

Equations 7-10 and 7-11 were programmed in the computer program "CABRON" (Appendix
A). While the equations were programmed using implicit finite differencing and are there-
fore unconditionally stable, oscillation can still occur in the results. These oscillations
occur when the quantity A =Dy p Pg /o is sufficiently small with respect to the velocity

of the purge gas u. By experience, These oscillations will occur if u/A < 100 wken the
concentration of the node approaches zero concentration of air.

7.1.2 NIFFUSION COEFFICIENT. To complete the analytical di3cussion involves
determining the diffusion coefficient Dpg. This is 2 complex task which does not have a
simple solutior except for the vase of raolecular diffusion. Equations 7-12 and 7-13 give
a simplified equation for molecular dit.1gsion (from Reference 7-3).

Self Diffusion D =1.342 u/p (7-12)
£
LL:/2 C2 + mn' 2 (-'51
. - l-\ = £ -
Binary Diffusion 12 72 (7-13)

2 1
8 (vy*v,) 7, (my+m,)
where m = molecular mass, lby,/molecule = MA.
C =(3g, Tk/m)l/ 2 (7-14)

v =N/pM (7-15)



Assuming ideal gas p = PM/RT yields

3g, K 12 5 {[Tz(Mllmz)Jl/ 2+[T1(M2/Ml)]1/ 2}
D =|{—-S—- 7-16)
2 (&) F] el

—

8

~

2 1
+
N (Plnl szTz) S12 (M1+M2)
Assunming Py =P, and T =Ty and substituting for g, K, ﬁ, and R in engineering units
yields Y, 1/2
24
99 T3/2 (M1/M2) (Mz/Ml)

P 72 (@-17)

D,_=2.72x10
12 2 1
+
2 812 (M1 M2)

Table 7-1 gives the values of M and d for selected gases.

Table 7-1. Values of Molecular Weights and Based on the value of D; 5 for helium

Diameters of Selected Gases and air at 77F and an atmospheric
Gas M d (Ref. 7-4) ft x 10-10 pressure of 2217 psf is 4 x 1074
ft2/sec. This is compared with

Hydrogen 2.0 9.5 reference values in Table 7-2.
Helium 4.0 8.5 Based on this information it is
Nitrogen 28.0 12.0 extimated that the molecular
Air 28.9 11.6 diffusion coefficient for Helium-
Oxygen ©2.0 11.3 air equals 5 X 10~% {t2/sec.
Water Vapor 18.0 11.0
Carbon Dioxide 44.0 13.1 It is expected that the actual binary

diffusion coefficient between two gases, will depend on the flow rate, the influence of
gravity, as well as the molecular diffusion coefficient.

+ * 7-1
molecular Deddy Dgravity (1-18)

where Dy, ilecular iS a function of the parameter given in (7-17).

Deddy is a function of the Rey number, and roughnegs of the surface. This
term becomes increasingly important with Rey number.

Dgravity isa function of gravity. The plus sign indicates the ligher gas enters
the duct from the bottom.

Table 7-2. Binary Diffusion Coefficient of Selected Gases
Dyg @ 77F (Ref.7-5) Dy5@77F (Ref. 7-6) D15 @ 77F (Eq 7-17)

Gases £t2/sec ft2/sec ft2/sec
Helium-Air 7.4 x 104 4.0 x 1074
0y-Afr 2.22 x 10~4 2.22 x 10~ 1.57 x 1074
CO2-Alr 1.77 x 1074 1.7 x 1074 1.22 x 10™4
Hy-Afr 4.44 x 1074 7.4 x 1074




For the cases being tested (see Section 7.2.1) with 100 volumes per hour (u = 0.222
ft/sec) at atmospheric conditions

ubD. o ,
Rey = —— =1.36 x 10° Dy
u

where Dy = hydraulic diameter. For pipe: Dy = inside diameter = 0.93/12, Rey = 105.
For MLI (at 30 1ayers/inch): Dy = 2 X layer separation. Dy = 5.56 X 10-3 ft, Rey =
7.56.

For both cases the Reynolds number indicates laminar flow (Rey > 2000 for turbulent
flow). Therefore Deddy can possibly be neglected. Since the flow is in the horizontal
direction this effect could be significant.

7.1.3 PUKRGE GAS CONCENTRATION IN A 105-INCH TANK MLI.

A conservative estimate of the effectiveness of a purge bag on the 105 inch tank is
indicated in “igure 7-1 assuming only molecular diffusion. The estimate is conservative
sirce it assumes the blanket has a uniform width of 32 inches, has no leakage through the
insvlation shields, and has a length which is long relative to its width. For the 105 inch
diameter tank using 40° gore sections the maximum gore width will be approximately 36
inches. Based on this analysis it is estimated that the MLI system on the 105 inch dia
tank could be purged to 5% air in approximately 2 hours and 20 minutes.

7.1.4 VENTING CHARACTERISTICS OF SUPERFLOC ON THE 105 INCH TANK. A
preliminary study of the venting characteristics of Superfloc on the 105 inch tank was
performed. The analytical model is represented by Figure 7-2.

The model consists of a one dimensional channel formed by two flat parallel plates

representing the space hetween the Superfloc Sheets. The channel has a no-flow line of
symmetry at one end
| [ Frrrr1T 1711 and thus models one
1.0 —-\\ ONLY MOLECULAR DIFFUSION - half Of a Superﬂoc gore.
N f—x Flow passages in the
\ 16 inches . . blanket
He Yo insulation e
A = 0.000076 seams are 1gnored .
B=0.0 and the venting gas is
agsumed to vent

\ directly from the

\ \1\ typical channel into
N N the purge bag.

— Pressure drop along
™~ the length of the purge
\E\ bag is ignored.

—~p Resistance to flow out
l 1w Of the bag is modeled

00 20 40 60 80 100 120 140 160
TIME, minutes with an equivalent

Figure 7-1. Volume Concentration in a Blanket 32 Inches Wide sharp edge circular
Being Purged Only by Molecular Diffusion orifice with an area
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BURGE BAG equal to the purge bag valve dis-
l /\( charge area. There are thus two
PLOWRATE . )
Q=0 —s| 4 — Qg > Qoyr gow resistances: betfveen the
insulation sheets and in the dis-

f v charge orifice.

SPACE BETWEEN
SUPERFLOC SHEETS

te——1/2 GORE WIDTH

From Reference 4-4, the non-
linear partial differential equation
describing pressures from gas
Figure 7-2. Analytical Model for Superfloc Venting flow in a one dimensional channel
was obtained. This equation,

listed below, is valid for the continuum (viscous) and free molecular flow regimes. It
contains an empirical transition which smoothly leads from one regime to the other, thus
providing an estimate for the flow characteristics in the transition and slip-flow regimes.
The equation is

2 2
-2—15=A+ (B+CP)(BP) 'i-Da—P (7-19)

ax°

where P = pressure, t = time, X = distance along batten in the flow direction and A, B,
C are constants given ip the nomenclature.

>4

An equation was derived for bag pressure changes from the non-steady energy equation.
With flow in and flow out in pressure-volume units and no heat transfer the equation is

d
L @y - Uy (1-20)

where ¥ = the ratio of specific heats, V = volume, Q;, =flow into the bag, and Q. =
flow out of the bag.

Flow of gas, in pressure-volume units, through an orifice is given by
viscous - Cv A+ Pp 6P (1-21)

and Qmolecutar = Cm A (Pp = Py (7-22)

where Cv and C,, are numerical constants, A = flow area, and Py, = pressure in the bag.

Q

{Pb ~ P, non—choked flow
&® 0.5133 P}, choked flow

where P, = pressure outside bag

The constants Cp,, and C,, contain factors for unit conversion and 0.6 as the flow
discharge coefficient.

To compute transition and slip-flow through the orifice a lineuar interpolation is
performed on the Knudsen number within the range 0.01 <Kn<1.0, i.e., at Kn = 1.0,
7-5



Q= Qmo c and at Kn = 0,01, Q = Qvis . sothat at intermediate values of Kn the lin~ar
interpolalt?oh gives a Q which is weighte& between Qmolec. 2nd Qyjge, LY the Knudsen
number. Pressures in the channel and purge bag are computed by successive integrations
of Equations 7-19 and 7-20. Equalion 7-19 is integrated by using an implicit forward
time-difference centered space difference technique. The equation changes from hyper-
bolic to parabolic as the pressure drops and the difference scheme is stable for both types.

The computer code used for the above computations is CARBON, a versatile multipurpose,
general code which integrates time-dependent, first order (in time) partial differential
equations in one space dimension (see Appendix A)

op p

— e = -23

3 £ p % 35)=0 (7-23)
Integration of the bag pressure equaticn is accomplished by Euler's method with the
resulting new value of pj, to be used as the next boundary condition in the CARBON code.
The program for integrating Equation 7-20 wa.: written especially for this study and was
coupled to CARBON as a subroutine.

At first the method used to compute Q;,, was to sense the derivative 3p/3x at the exit of
the channel, giving the driving force for mass flux into the bag. This method failed
however because the channel pressures oscillated each time step. A better way for
evaluating Q;, was found to be an integration of p over the entire space grid of the channel.
The pressures are integrated with the trapezoidal rule and differences in these sums from
one Hme step to the next indicate the mass flux into the bag.

A "trajectory" of pressure (Po) vs time for the environment is programmed in table
form and is shown in Figure 7-3. For computation of Qgyt the value of Po is found by
linear interpolation in the table for the current time. Several cases were run to develop
parametric data. For each case, the initial condition was helium at 1 atmosphere and
the outgassing rate was constant at 0.01 micron cc em~2 gec™l. The results show that
for the normal 30 layers per inch spacing, a vent valve with an equivalent orifice diameter
as small as 1.0 cm will allow the insulation to be pumped down to 1 X 10~4 torr (0.1
micron) in less thau one hour. However, with a spacing of 60 layers per inch, and the
above outgassing rate, the insulation pressure remains constant at 0.1i8 microns and is
completely independent of valve size. A further requirement is that the pressure diifer-
ence across the bag not exceed 0.5 psi at any time, A computer analysis based on vari-
able outgassing rates (Ref. 4-6 test data) was conducted for the 105 inch tank MLI sys-
tem design (section 9), utilizing one and two inch dia. vent openings and 30 layers pe
inch MLI density. 355 seconds were required to evacuate the purge gases to 1 x 10
torr for the one inch diameter vent opening and 290 seconds for the two inch opening.

7.2 HELIUM PURGING TESTS

Molecular diffusion tests were conducted with heljum gas to verify the analysis pre-
sented in Section 7.1.1. Helfum concentration data were taken as a function of time
and location utilizing a tube and fiot panel test apparatus.
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S—t——f——F——r==2) 7.2.1 TUBE DIFFUSION TEST. Tae objective

1. OUTGASSING RATE =0.01] of the tube test was to obtain good basic helium
MICRON CCSEC Cm2 ] .

2. INIIAL CONDITION: ] diffusion data which eliminate the effects of

1SR Heat 1 ATM 4 uneven flow distribution caused by the presence

‘v{ of insulation layers.

D ey VE SIZE ONBAG, —— Dhe eight foot tube was made of stainless steel

= and had a 1 in. OD and 0.035 in. thick wall.

Y The outflow end of the tube was open to ambient

I ~ air. The helium flow rate was controlled at 100
L‘\‘D = 1.5 om, J0L/NCH volumes/hour (0.222 ft/sec) and 10 volumes/hour

-
o
)

(0.022 ft/sec). The concentration was determined
by the hot film anemometer method described

in Section 7.2.2.1. The test results are
corapared with the analytical prediction in
Figures 7-4 and 7-5. For all cases, the piston
effect (no diffusion) is one extreme. It is
D=5.0cm, 301./INCH expected that because of diffusion that it will
take less time to reach 99% air by volume at a
given distance along the pipe than is indicated
by the piston effect curve. Also because of
diffusion it will take longer to reduce the volume
concentration of air to 5% at a given distance

=D =10.0em, GL/INCH 3 515n0r the pipe, thaa is indicated by the piston

1 effect curve. The expected results are verified
10 by the data except for the 5% case with a 100
volume/hour flow rate. This is believed to
result from the estimated 3¢ experimental

po - ENVIRONMENTAL PRESSURE 3 ypoertainty of +2 seconds. This uncertainty is

-+
T
|1
S SoT 1000 Tes0 3000 ttos w0 sse PYOP2DLY due to a time lag between recorder and

.0 cm, 30L/INCH
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L-J J’FH‘“

MAXIMUM INSULATION PRESSURE, Microns Hg

i
i

—
(=4

L+171
il

sl
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TIME, scc the tester. Since 2 seconds is significant for the
Figure 7-3. Venting of Superfloc on 100 volume per hour case it is expected that the
the > 05 Inch Tank best results were obtained for the 10 volume/

hour case. In general, the data obtained from
the test are in close agreement with the analysis.

7.2.2 INSULATION PANEL DIFFUSION TEST. A series of helium purge tests were
conducted to study the helium/air concantration as a function of time and Jocation when
flowing through an insulation blanket. The results of these tests are important for an
actual purge system design.

. 2.2.1 Test Apparatus and Instrumentation. A achematic of the test apparatus i

presented in Figure 7-6. The schematic shows the 8 ft long, 20 in. wide and 3/4 in.

high plexiglass purge panel (simulating a purge bag for 22 layerws of Superfloc) and the

h.lium injection and honeycomb distribution system. The schematic also identifies e

test positions. Test posi.'ons along the longitudinal axis are numbered 0, 1, 2 and 3.

Each longitudinal test position has three instrumentation points, hole 1, 2 and 3, in the
77
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DISTANCE ALONG PIPE, It

vertical direction. S, m and FS are test positions across the panel indicating test
points on the side, middle and far side of the panel. As an example, position 1-2-m is
a test position at 2 ft from the helium entrance, at vertical test hole No. 2, in the middle
of the panel. The instrumentation shown in Figure 7-7 is used to measure and record
composition of the purge gas in the container as the gas changes the environment from
100% air to 100% GHe. The primary sensor is a Thermo System Inc. Model 1352~AA1
hot film anemometer. The measured flow is proportional to the power required to
maintain the hot film at a constant temperature under varying flow conditions. Utilizing
the differences in the thermal conductivity of air versus helium, the sensor is used to
distinguish between concentration of air and helium of a sample going through the
instrument. The instrument cutput is continuously recorded on a Sanborn sirip chart
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DISTANCE ALONG PIPE, ft
recorder to provide a record of time versus percent concentration of helium. The
helium test apparatus and distribution system are shown in Figure 7-8 and 7-9.
respectively.

7.2.2.2 Test Procedures and Results. Two tests were conducted without insulation,
with the panel in horizontal position at flow rates of 10-and 100 volume changes per
hour. Twenty-two layers of Superfloc at natural layer density were added in Test Nc.

3, 4and 5. One insulation purge test with 22 layers of Superfloc was performed with the
purge panel in vertical position. The tests and test results are identified as follows:

1, Horizontal He Purge Test - No Insulation - 10 Volumes/Hour - Table B-1, App. B.
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TEST POSITION ON LONGITUDINAL AX1S

3IN.
DIA |¢— 2 FT—»|4¢—2 FT —%|¢— 2FT —»|¢— 2 FT —»
0 1 2 3
Fo ! 17 =1 F"‘ 3/4 IN.
i N— = 'Y
INSTRUMENTATION BOLTS
GASKET HOLE NO. 1
— HOLE NO. 2
HOLE NO. 3
0 o
- R P
FS
‘ HONE YCOM B FLOW STRAIGHTENER
£o
GHe PURGE INJE CTION TUBE m
£ 16 IN.
& Ghe FLOW —»
o] ’ 0o

Figure 7-6. Modified Helium Purge Test Apparatus

SANBORN RECORDER
THERMO SYSTEMS, Inc. MODEL 158-100B

CONSTANT TEMP. ANEMOMETER
POWER SUPPLY MODEL 1051-1

FLUKE DIGITAL
VOLTMETER - 2068

SHUTOFF
VALVE MEASURING
F.M. =~ (SAMPLING)
VACUUM T.S.I. FLOWMETER ~~— PROEE .032IN. 1.D.
PUMP MODE L 1352-AA1 TEFLON TUBING
5.5 FT LONG

Figure 7-7. Diagram of Measuring Equipment
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2. Horizontal He Purge Test - No Insulation - 100 Volumes/Hour - Table B-2,
Appendix B.

3. Horizontal He Purge Test - 22 Layers Superfloc - 10 Volumes/Hour -~ Figure 7-10 -
Table B-3, Appendix B.

4. Horizontal He Purge Test - 22 Layers Superfloc - 100 Volumes/Hour - Figure
7-11 - Table B-4, Appendix B (Probe Position 0 and 1).

5. Horizontal He Purge Test ~ 22 Layers Superfloc - 100 Volumes/Hour - Figure 7-12 -
Table B-5, Appendix B (Probe Position 2 and 3).

6. Vertical He Purge Test - 22 Layers Superfloc - 100 Volumes/Hour - Figure 7-13 -
Table B-6, Appendix B.

The objective of Tests 1 and 2 was to calibrate the instrumentation and to generate data
which can be used to verify the helium purging analysis. These tests were conducted
without insulation because the analytical techniques of Section 7.1 do not consider
restricted flow. Tables B-1 and B-2 of Appendix B present the data points at 10 and 100
volumes per hour purge rates, respectively. Predicted gas concentration gradients have
been compared with these test results in Ref. 8-1, Figure 13. Excellent agreement is
shown in the above document with the 100 volumes per hour purge rates. The predicted
values, however, do not agree with the 10 volume /hour test data. The discrepancy is
probably due to the difficulty in obtaining accurate test data at such a low tlow rate

which introduces eddy diffusion and flow circulation within the test panel.

Figure 7-10 is a plot of the ""10 volumes per hour" purge test data presented in Table B~3
(see Test 3 above). Only centerline data of positions 1, 2 and 3 were used. It appears
that the velocity of the helium flowing in the upper layers is higher than in the lower
layers. Five percent air concentration was attained in approximately 30 minutes in the

entire blanket.

Figure 7-11 presents a graph of horizontal purge test data (positions 0 and 1, Table
B-4) at 100 volumes per hour purge rates through 22 layers of Superfloc shields. The
test data include test points of different runs (runs a and b) at the same location. A
typical scattering of the test points can be observed for this flow rate. This scattering
could be caused by irregular helium tunneling through the various insulation layers.

Five percent air concentration was attained in approximately 110 seconds at position 1.
Figure 7-12 is a plot of data of the 100 volumes per hour purge rates at positions 2 and 3
(Table B-5). It took approximately 170 seconds to achieve 5% air concentration at

these locations. .

Correlation between predictions and test data with 22 layers of Superfloc was also
conducted in Reference 8-1. It was found that the analytical techniques predicted a
much more rapid purging than was observed during testing. This result was expected

because of the flow restriction imparted by the MLI (ayers.
7-12



FRACTIONAL CONCENTRATION OF AIR

1.0

0.9

0.7

0.6

0.5

0.4

0.3

0.2

0.1

FRACTIONAL CONCENTRATION OF AIR

TEST POINT IDENTIFICATION

048 0O

~¢- -3— 8- 4 ——— CENTERLINE DATA

1_2 3

OPEN SYMBOL
SEM! SHADED SYMBOL

TT~SHADED SYMBOL

NOTE: ONLY CENTERLINE D..TA ARE

PRESENTED

Q DF a
o n a7 N ARl

no ! Y. aA (A

o | & f A
8 10 12 14 16 18 20 22 24 26 28 30
TIME, minutes

32

Figure 7-10. Horizontal Superfloc Helium Purge Test Data,

10 Volume/Hour (22 Layers of Superfloc)

1.0

TEST POINT IDENTIFICATION

00 & O
"TGSITION

0.9

[ 3 -:— -;- ?— —CENTERLINE DATA

0.8

OPEIN SYMBOL
————SEMI SHADED SYMBOL

TTS~SHADED SYMBOL

NOTE: ONLY CENTERLINE DATA ARE

0.5

PRESENTED

0.4

NOTE: a AND b ARE IDENTICAL LOCATIONS
BUT DIFFERENT TESTS.

9.8

0.2

0.1

aa
5

20

40

G

58
a
i 1 8 oW BB
0 20 100 120 140 160 180 200 220 240 260 280 300
TIML, seconds

Figure 7-11. Horizontal Superfloc Purge System Test Data -

100 Volume/Hour (22 Layers of Superfloc)
7-13




FRACTIONAL CONCENTRATION OF AlIR

1.0

0.9

0.8

0.7

0.6

0.4

PRESENTED

TEST POINT IDENTIFICATION

CENTERLINE DATA

OPEN SYMBOL

NO. i: ONLY CENTERLINE DATA ARE

T SEMI SHADED SYMBOL
| TT~~SHADED SYMS80OL

0.3

~—

0.2

0.1

40 60 80 100 120 140 150 180 200 220
TIME, secoads

N

240 260 280 300

Figure 7-12. Horizontal Superfloc Helium Purge Test Data,
100 Volumes/Hour (22 Layers of Superfloc)

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

FRACTIONAL CONCENTRATION OF AIR

0.1

0

—ra-

1 2 3

I
l TEST POINT IDENTIFICATION

=&~ -8— -8~ 4————CENTERLINE DATA

OPEN SYMBOL
SEMI SHADED SYMBOL

-
\:a:‘%%'?ﬁ T~<SHADED SYMBOL
® A O

NOTE: ONLY CENTERLINE DATA ARE

PRESENTED
a
ol
1,17 I If
v N A4l
0 20 40 GO 80 10C 120 140 160 180 200 240 260 280 300
TIME , secondn

Figure 7-13. Vertical Superfloc Purge Test Data, 100 Volumes/
Hour (Vertical Purging) (22 Layers of Superfloc)

7-14




Figure 7-13 presents a plot of 100
volumes per bour' purge test data,
obtained from Table B-6. During these
tests the test apparatus was mounted in
a vertical position (Figure 7-14). The
test panel again contained 22 layers of
Superfloc. Two types of tests were
performed. In the first experiment
helium was injected at the top and dis~
charged at the bottom. Inthe second
experiment helium was fed from the
bottom and discharged at the top. The
data points are very consistent. The
test indicates that purging takes less
time when the helium purge gas is
directed in an upward direction. Five
percent air conceniration v a8 achieved
in approximately 50 seconds during the
( upward purging process compared to
o T ek g Appreximately 80 seconds downward.

7.3 PURGE MEPRESSURIZATION

SYSTEM COMPONENTS
Figure 7-14. Vertical Test Setup - Purge Up

The objective of this analysis was to
study the purge and repressurization system cireuit, components, and weights of the
components.

7.3.1 GENERAL I LOW CONSIDE RATIONS, An insulation purge system schematic is
shown in Figure 7-15. This is a typical system required to meet the necessary ground
hold, ascent, reentry and landing conditions. This system was used for the preliminary
evaluation of the weights presented in Section 8. The system consists of the taak with
purge bag, the necessary valves, ducting, orifices, pressure transducers, and helium
distribution manifolds. The purge bag operation was based on a maximum pressure
differential of 0.5 psi aeross the gas containmeni seal. The gaseous helium flow rate
during ground operation was caleulated for the 105 inch MSFC tank to be 1.25 S8CFS,
assuming a complete purye at 10 times the insulation volume. A minimum of 6.6 ‘
minutes of purging time is therefore required to purge the insulation volume of 49.3 ft3,
A preliminary caleulation was performed to determine fow conditions and pressure
drops. This information is indicated in Ref, 8-3, A system parts list is shown in
Table 7-4.

Toh 2 PURGE SEQUENCE.

1. At some predetermined time prior vo tanking, solenoid valve V=1 {8 opened and
gaseous helium enters the purge bag through the distribution manifold. The purge
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(1) OVERBOARD (8) BUTTERFLY

VENT, ADJUSTABLE —7 VENT VALVE
(4) INLET
ORIFICE
PURGE BAG
(3) SOLENOID 4 (0.5 PSID) MAX
VALVE PRESS. DIFF.

1 | : _ﬂ_fjf?fi:fESE;ff—ll 4———1

(6) PRESSURE SENSING

(1) PRESSURE
REGULATING (5) STANDBY TRANSDUCER
VALVE PURGE DISTRIB

UTION MANIFOLD
FITTING
(2) RELIEF ITTIN
VALVE
1. PURGE 1 UBING SIZE: 0.50 IN. O.D.
2. ORIFICE VENT TUBING SIZE: 1.25 IN. O.D.
3. VENT DUCT SIZE. 2.0IN. O.D.
Figure 7-15. Typical Purge System Schematic
Table 7-3. Helium Purge System Parts List
Item Nomenclature Qy GDC Part Number Mapufacturer Vendor Part No, Unft Wt Lb
1 Press. Negulating Valve 1 Stmflar to 55-08103~4 HTL Industries 146650~XXX 2,50
2 Ralief Valve 1l To be determined James, Pond and D5520A~-8D-68 0,08
Clark, Inc.
3 Solenold Valve = Normally 1 55~08108=5 Futurecraft Corp. 20714=5 0.80
cl.
4 Crifice ~ . 195 da. 1 Stmilar to 55-80202 Convatr - 0,02
5 Standby Purge Fitting 1 27-85144~1 Shrader MS28889 0,04
8 AP Press. Transducer 1 To be determined Kistler Instru. Corp. Series 311 0.50
7 Orifice - Adjustable 1 Simflar to 55-80126-19  Convair - 0,20
8 Butterfly Valve a 2", 1 To ba det~rmined Peacock Engrg Co.  To be determinad 3.0
Motor Operated or Garrett A{R. Corp.
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gas exits through the overboard variable orifice (0.778 dia, Item 7) which has been
preset to maintain a bag pressure of 0.5 psi maximum above ambient pressure at
ambient conditions.

2. During tanking purge flow remains constant at 1.25 SCFS. As purge gas is chilled,
bag pressure decreases until purge gas temperature stabilizes.

3. At lift-off a signal is sent to close solenoid valve (Item 3) and open the ? in. butter-
fly vent valve (Item 8). During ascent the gas inside the purge bag will escape
through the overboard vent duct. These conditions remain unchanged until reentry.

4. Upon reentry the system is automatically controlled and butterfly vent valve is
closed. The AP pressure transducer (Item 6) will sense the AP across the purge
bag. If AP isless than 0.1 psi, the output of the transducer will trigger a relay
which sends a 28 VDC signal to energize solenoid valve (Item 3) to opea. This
allows GHe to be supplied to the purge bag. When a purge bag 4P of 0.5 psi is
reached the transducer will close the solenoid valve. As the gas in the purge bag
escapes through the adjustable overboard vent (Item 7), purge bag pressure will
decrease until the solenoid valve is again energized. Several brief purge cycles
will occur during descent to an altitude of 25,000 ft. Assuming the vehicle will
level out at this altitude and execule a slow descent to touchdown, the 1.25 SCFM
flow rate should be adequate to fill the purge bag to ground level pressures. The
estimated flow time required to fill an approximate 50 cu ft gas volume would be
240 seconds. If less time is required, then the purge flow rate must be increased.

5. After landing, a 3, 000 psig helium ground supply could be connected to supply
purge gas during de-tanking until LH, tank temperatures are high enough to
discontinue purging.

6. During standby operation a low flow GNo source would be connected at the standby
purge fitting (Item 5). This purge gas would maintain a dry atmosphere inside the
purge bag until the next flight readiness.

7.3.3 PURGE SYSTEM COMPONENTS. Table 7-3 presents the details and availability
of the components required for the purge system.

Helium Supply. A 200 to 3360 psig gaseous helium supply to the pressure regulating
valve is required as follows:

a. For system qualification testing a facility of 3000 psig GHe supply would be uged.

b. For alaunch vehicle, prior to launch, the system is supplied from a ground
supply source through a self-sealing ground to airborne disconnect.

¢. For vehicle descent, the system would be supplied from the main vchicle
helium storage bottles until after landing.
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Presgsure Regulating (Itcm 1). The Centaur engine controls regulator, part no. 55-
08103-4 could be modified to provide a 51 psig outlet pressure at a .014 1b/sec flow rate.
This type regulator is available from HTL Industries, Inc., Pasadena, California under
a series part no. 146650.

The regulator is provided in order to limit the inlet orifice (Item 4) pressure, thereby
agsuring low pressure at the distribution manifold.

For evaluation tesiting, an adjustable regulator would provide flexibility in establishing
purge flow rates. Grove Valve and Regulator Co. produces a complete series of hand-
loaders suitable for this »urpose.

Relief Valve (Item 2). A relief valve is provided downstream cf the regulator to prevent
overpressurization of the purge bag in the event of a regulator failure. A simple spring
loaded poppet valve is available from James Pond and Clark, Anaheim, California.

Solenoid Valve (Item 3). The solenoid valve provides on-off control of the purge supply.
A guitable valve for this application is the Centaur propellant tank pressurization valve
55-08108-5, due to its high flow capacity.

Inlet Orifice (Item 4). The inlet orifice is a fixed in-line sharp adge oritice. This
orifice is sized for critical flow to assure that the desired flow and pressure is supplied
to tue distribution manifold when the solenoid valve is cycled on.

Standby Purge Fitting (Item 5). It is available as GDAC part no. 27-85144-1.

AP Pressure Transducer (Item 6). The transducer will sense the AP across the purge
bag and provide output to a control circuit that will energize or de-energize the solenoid
valve. The transducer and control circuit will close the solenoid valve if bag AP becomes
less than 0.1 psid. The circuit is deactivated during flight until vehicle is prepared for
descent. One suitable transducer for this application is the series 311 AP transducer
manufactured by Kistler Instrument Corp.

Overboard Vent (Item 7). This is an adjustable orifice. It would be setup during system
validation such that bag AP would be set at 0.5 psid maximum while purge system is on.
Because of leakage from other parts of the system, the variable orifice is required to
compensate for these losses when setting up the desired bag AP. The orifice will be
designed to prevent complete closure as this would result in inadvertent rupture of the bag.

Butterfly Vent Valve (Item 8). This valve is a motor operated butterfly valve to be
designed for a 2 in. duct size. This valve is required to provide sufficient flow area to
permit the gas inside the purge bag to escape during ascent. The valve is actuated
open at liftoff and is closed prior to descent. Due to the unique requirements of this
valve, i.e., low pressure, cryogenic temperature, gaseous helium, lightweight, the
potential sources for this valve must be consulted and a design generated for this
application. Suggested sources are Peacock Engineering Co., Inc., Norwalk, California,
or Garrett Corp., AiResearch, Los Angeles, California.
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SECTION 8

105~-INCH MSFC CALORIMETER INSULATION AND
PURGE/REPRESSURIZATION SYSTEM E VALUATION AND SE LE CTION

Superinsulated thermal protection systems can basically take the form of a vacuum
envelope, inert gas pu.ying, or a sealed substrate on the tank surfaces with no purge.
The objective of this phase of the study was to identify and evaluate several systems.
Following the system schematics, design layouts were made describing the pertinent
features of each system. Three additional alternate designs were created using some of
the arrangements from the original nine designs coupled with external purge bags. The
above activities were summarized on evaluation charts. The effort was concluded by
rating each system and recommending one for the final design.

8.1 SYSTEM DEFINITION

The purge medium must displace the gases initially trapped within the insulation blankets
for effective insulation conditioning. This can be accomplished by two basic methods:

(1) purge gas injection to displace the trapped gas by a forced flow or (2) the gradual
replacement of the trapped gas by a saturation or dilution process. Circuit schematics
were created for the following systems using thz above principles.

8.1.1 FAIRING SYSTEM. Figure 8-1 circuit assumes tha* the tank is enveloped with a
fairing which creates an annulus chamber with respect to the tank wall. Purge pins
(Figure 8-2) are mounted in the fairing and gas is injected into the annulus which causes
flow through slots in the pins and into the superinsulated layers. Purge zones were
selected as shown in Figure 8-1.

8.1.2 MANIFOLD SYSTEM. The

schematic shown in Figure 8-3 3w HELIUM
interconnects the purge points ! T; SUPPLY
determined in Figure 8-1 with a : i P :/ Q PER PIN!
tubing system consisting of one : . : FEED ‘
ring manifold at the girth area, 41 T OLINE

two ring manifolds at the forward =3 [ [—

and aft ends (equipped with feeder N L

branchee to the cap sections) and P :t__ -

one high pressure gas supply tube. L
A typical flow path therefore ARINGS S s
initiates from the high pressure pURGE ) Z\ e === -/‘\ .
feed tube, through the orifices to PIN /
the low pressure manifolds and

finally through the purge pins Tigure 8-1., Fairing System Schematic

—~- ZONF 6
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which eject the gases between the insulation layers. The Figure 8-3 arrangement can
be Jocated inboard or outboard of the insulatien lay-ups.

8.1.3 INTERNAL BAG SYSTEM. A system using a perforated bag located under a porovs
insulation lay~-up is outlined in Figure 8-4. The insulation blankets are applied in gore
sections and the scams sealed with tape at the outboard face sheets to prevent bypassirg
the gas at the gore lines. A typical flow path starts with the injection of gas between the
bag and the tank wall which creates a pressure differential across the bag wall. Purging
15 accomplished by the gas diffusing through the bag and the insulation layers. Venting
during flight depends upon the perforated layers only.

8.1.4 EXTERNAL BAG SYSTEM. A purge saturation method is shown in Figure 8-5
which encapsulates the insulation layup in a bag. Gas is fed into the beg aud contained
between the bag and the tank wall.
The purge medium mixes with the
entrapped gases between the “eas)
insulation layers by a molecular -
action. Mixed gas of varying —
purge medium concentrations BETWEEN TANK—

WALL & BAG

~

INSULATION

are forced out of the bag exit ; AFPLEDOVER %
until an acceptable quality is . i i
achicved. Venting during flight g"*h o

is accomplished through the
ports in the bag.

< d
TANK —ey 4 lagnstULATION s : )
¢ PERFORATED \f\ 4

’. wALL
i “-t BAG Sl o ’)(

1 VACUUM ENVE LOPES i - 7 W ~~GAS PENETPATES ="\
8.1.5 g | »_f, BAG & INSULATION i
Purge systems can be eliminated LAYERS INSULATION APPLIED TO

BAG GORE SECTIONS. SEAMS TAPED.

by enveloping the insulation with

a vacuum using rigid shells with Figure 8-4. Internal Purge Bag System Schematic
a compressible superinsulation

lay~up or flexible shells which yERICLE VALVE
are supported by an insulation i’ FL}&] PURGE & coasT
capable of supporting compres- g:%: EXHAUST GAS BLAKKET SECTIONS MAY BE

MONITORED 1 ' PERFORATED IO AID EFFICIENCY
{

give loads. Vacuum envelope \\,‘7 .

desigas are presented for
comparison with cther gystems. . e

8.2 DESIGN LAYOUTS o

Nine preliminary ~esign layouts i DSULATON 3
were made covering internal 1 i::,?___J___ ,.‘! S
fairing systems, external and - INSLLATION
internal manifolds, intornal aad as ez Wty il

NE
emrnal bags’ and rigd and VEHICLE V.ALVE CLOSED PURING GORE SECTIONS GORE SEAMS ARE
flexible areas only. These PURGE. OPEN AT COAST PERIODS NOT SEALED. ®

preliminary layouts are
presented in Ref, 8-4. Each Figure 8-5. External Purge Rag System Schematic
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drawing shows the general arrangement and details of pertinent areas only. The purpose
of these layouts was to provide a basis for weight estimates, feasibility, purge and
thermal efficiency and fabricability. Airborne support system weights such as gas
storage and distribution circuits were included.

The nine design layouts are briefly described in the following sec! ons.

8.2.1 INTERNAL FAIRING SYSTEM - LAYOUT NO. 1. The 105 inck MSFC test tank
shrouded with a fiberglass fairing equipped with purge pins is shown in Figure 22 of
Reference 8-=). An annulus formed between the fairing and the tank wall serves as a
plenum chamber which is supplied with helium gas by a manifold equipped with orifices.
Local stand off brackets or fittings attached to the inboard side of the fairing maintain
the spacing from the tank wall and provide additional support for the fairing while
compensating for dimensional changes of the tank. At the forward neck area, the
fairing terminates and seals with a collar. The insulation is applied over the fairing
surface in gore sections and supported by a row of support pins artached to the tank
wall and interconnected at the outboard ends with a ring. These supports penetrate
the fairing. Each purge pin is bonded to the fairing and engages with holes in the
insulation blankets. The alignment of these purge holes with respect to the primary
support pins is important since the inertia loads should be reacted at the primary pins
only.

8.2.2 EXTERNAL MANIFOLD SYSTEM WITH SUPPORT CAGE - LAYOUT NO. 2.
Purging by forced flow using gas injection pins supplied by an external manifold
arrangement is shown in Figure 23 of Reference 8-4. The system consists of three
ring type manifolds, branch tubes at the forward and aft ends for the cap and neck
blankets, and inlet tubing. The gas supply is supported from a tubular open truss type
cage which is attached to the tank neck section and to the test set-up support structure
at the aft ring. Attachments between manifolds and purge pins are accomplished with
short tubing sections with the terminals bonded or clamped.

A cluttered exterior surface, an enlarged assembly envelope, complexities in the
external cage, and weight penalties of the cage are some disadvantages of this design
approach. Advantages are the independence of the purge pins irom assuming any loads
from the primary insulation supports and the ability to inspect or service the purge
hardware after the insulation is installed.

8.2.3 INTERNAL MANIFOLD SYSTEM - LAYOUT NO. 3. The cluttered exterior and
the complications of an external system was eliminated by placing the purge hardware
under the inswation lay-up as shown in Figure 24 of Reference 8~4. The foam layer
bonded to the tank wall provides a uniform profile for the insulation and permits the
use of gaseous nitrogen as the purge medium. The manifolding system is located
within channel recesses in the foam. Tubing support is provided by local fiberglass
pieces bonded to the substrate and incorporating slots to allow movements between the
tank wall and the manifolds. The purge pins which are bonded to the manifold outlet
nipples engage with over-sized holes provided in the insulation blankets. The high
pressure inlet tube peneirates the insulation layers at the neck area and is supported
by the collar section using a retainer clip. 8-4




8.2.4 INTERNAL PERFORATED PURGE BAG ~ LAYOUT NO. 4. The use of tubing
and purge pins for distributing a conditioning gas requires numerous parts, special
considerations for orifices, discontinuities in the surface profiles and added tasks at
the assembly and inspection levels. The system is simplified in Figure 25 of Reference
8~4 by enveloping the tank with a perfora‘ed bag which serves as a gas distributor. A
perforated insulation lay-up is applied over the bag with the outboard face sheets sealed
with tape at the seams to prevent the gas from by-passing through the butt joints. The
bag is composed of a forward section and aft portion interbonded at the girth. The bag
terminates at the neck area by bonding it to a collar, supported from the tank wall.

The tubular pins located at the collar supply gas to the bag and may also serve as
supports for the insulation layers. At the insulation primary support points, the bag

is locally bonded to the circular base of each pin. Purge is accomplished by pressurizing
the bag through the collar pins which causes a gas flow through the bag wall and the
insulation layers. Distribution of gases through the membrane can be controlled by
varying the size and population of the perforations over the bag surface.

Simplicity and low weight are the primary advantages of this system. Disadvantages
are the absence of direct out-gassing paths, degradation of the insulation due to tiie
perforations, and the lack of nositive control of the purge mechanics due to many
variables associated with a porous membrane.

8.2.5 EXTERNAL PURGE BAG - LAYOUT NO. 5. A system employing purge
saturation (the molecular mixing of the purge and entrapped gases) is shown in Figure
26 of Reference 8-4. The configuration uses a non-porous bag whicl. completely
envelopes the insulation lay-up. The bag is constructed in two parts (forward and aft
section) interconnected at the girth. Assuming that the forward section of the tank will
not be removed, the neck and a portion of the forward cap area of the bag incorpovates
a parting line which is sealed after installation. The bag terminates at the forward
end with a connection to a channel type collar using a clamping band. Flanged ports

at the aft and forward sections provide the inlet and outlet for the purge gas. The
purging cycle consists of injecting gas at the inlet and exhausting at the outlet. Mixing
with the entrapped gases between the layers is aided by tte unsealed gore lines of the
insulation lay-up and perforations in the blankets.

8.2.6 EXTERNAL MANIFOLD SUPPORTED BY INSULATION - LAYOUT NO. 6. The
external manifold system previousgly outlined used a tubular support cage for supporting
the purge accessories. This layout presented several disadvantages relating to weight
complexity and overall envelope size. The layout shown in Figure 27 of Reference 8-4
attempts to improve the external system by attaching the tubing direcily to the
insulation face sheets. The ring type manifolds are split into three segments with
each section equipped with local bosses for receiving the purge pin fittings. Two
additional supply manifolds (including forward and aft feeder tubes) for the cap and
neck sections interconnect with these segments to form a complete circuit. The
manifolds are constructed from PPO tubing by forming into circular sections and
bonding to machined or molded end fittings for a complete subasscmbly. The
operating pressure for this system will be low since the curved sections tend to
straighten when pressurized, causing blanket distortions. This hlanket distortion could
be reduced by using complete ring manifolds.

8-5




8.2.7 RIGID VACUUM SHELL - LAYOUT NO. 7. For comparative purposes, the purge
system was deleted by enveloping the tank and the insulation lay-up with a vacuum shell.
The self supporting or rigid type arrangement shown in Figure 28 of Reference 8-4, uses
a fiberglass honeycomb core equipped with an aluminum inner skin and a fiberglass outer
skin. Any tank leakages are channeled overboard without contacting the insulation by
using an internal fairing located between the insulation and the tank wall.

The layout assumes that the 105 inch MSFC test tank will be reworked inc.uding the neck
area to permit instaliation of the components. Thke vacuum shell consists of a forward
section and an aft portion interconnected at ‘*he girth through a pair of rings which are
welded. The girth ring on the forward section of the vacuum shell is equipped with
fittings which are attached to the tank wall with six low conductive support struts
arranged in "V" patterns. The inner fairing consists of two aluminum shells equipped
with stand offs and interconnected at the girth with « weld. The outer shell, inner
fairing and insulation converge at the forward neck area with a "Z" shaped collar which
is welded to the fairing and the vacuum shell ring. The collar in turn is sealed to the
tank neck wall using a bellows section. A plenum chamber is formed at the collar by
welding a channel type closure (equipped with a vacuum port) to the "Z'" member. A
series of holes in the collar provide flow passages for the annulus formed by the inner
fairing and the tank wall. An additional vacuum port is provided in the cylindrical
section of the forward outer shell section for evacuating the insulation layers.

8.2.8 FLEXIBLE VACUUM SHELL - LAYOUT NO. 8. Some of the complexities and
weight penalties shown for the rigid vacuum shell may be reduced by using a flexible
outer shell supported by an insulation lay-up capable of reacting compressible l1oads.
The approach shown in Figure 30 of Reference 8-4 employs a 4 ply fiberglass/Kel "F*'
outer wall. The flexible shell consists of a forward assembly and an aft section
interconnected at the girth. The vacuum membrane terminates at the forward neck
area by bonding to a collar which is welded to the tank wall. Loads from the outer wall
are reacted through the insulation lay-up to the internal fairing which is supported by
the tank wall. The dimpled internal fairing is used for channeling tank leakage over-
board is constructed similar to that described for the rigid shell design.

The vacuum port area near the neck must vent leakage from the annulus and the
insulation lay-up while being supported internally. To accomplish this, the triangular
cavity is filled with small Kel "F" spheres with adhesive coated surfaces to aid
agssembly and 10 retain the configuration shown. Venting is accomplished by openings
created between the spherical elements. The vent cavity is common to both the tank
leakage annulus and the insulation lay-up which may require an additional barrier at the
end plane of the insulation or the use of insulation materials which are compatible with
the propellant.

Weight savings and general simplicity are the primary assets of this design. Problems
however, can he expected at the vacuum port area relative to propellant compatibility
of the coated spheres and assembly. It may be possible to replace the spheres with a
perforated honeycomb core.

8-6



8.2.9 PURGE SYSTEM WITH TANK LE AKAGES CHANNE LED OVERBOARD/
INTERNAL MANIFOLD SYSTEM - LAYOUT NO. 9. The concept of venting tank
leakages overboard is extended to the gas purge system in Figure 33 of Reference
8-4, using an aluminum fairing with purge pins and manifolds located outboard of the
fairing wall.

The fairing is basically a two piece assembly interconnected at the girth. To permit
assembly onto the tank, the cap and neck region of the forward portion are separate
units with sealed parting lines. The fairing also incorporates integral formed
channels or convolutes for receiving the manifolds and feed lines plus stand off type
fittings which maintain contact with the tank walls during dimensional changes. The
completr; fairing assembly serves as a support base for the insulation, a barrier for
venting fank leakage without contacting the insulation, and as a manifold support.
Venting the annulus between the fairing and the tank wall is accomplished at the neck
region by a flanged CRES tube section riveted to the fairing wall. A Teflon or Kel
"F" collar attached to the tank structure and to the fairing forms the enclosure for
the annulus. The manifolds are constructed of PPO material and interconnected at
the fittings using slip type bonded joints. The assembly is therefore a permanent
type unit (including the orifices) which is discarded and replaced with new parts in
event dismantling is required.

8.2.10 PERFORMANCE SUMMARY OF DESIGN LAYOQOUTS. Tables 8~1 and 8-2
present the evaluation of the 9 basic layouts. The tables list the pertinent require-
ments used for the analysis. The requirements include maintainability (A), purge
efficiency (B), relative total system weight (C), thermal efficiency (D), fabrication
and assembly (E), and structural integrity (F). Importance exponents (a, b, etc.)
were established for each criterion as shown in the tables. Relative total system
weight (insulation system plus airborne system) and thermal efficiency were
calculated. The estimated weighing factors of maintainability, purge efficiency,
fabrication and assembly, and structural integrity are shown in Table 8-3. The
ranking equaiion used for the evaluation was R = AaBbC“DdEeFf where a, b, c, etc.
are performance exponents and A, B, C, etc. are weighing factors.

8.2.10.1 Thermal Performance Prediction. Tables 8-1 and 8-2 show heat flux data
throug: the insulation systems, with a detailed percentage of heat flow through the
MLI, seams, pins and penetrations. The detailed heat transfer analysis is presented
in Appendix C. For 8 of the systems, the multilayer insulation consists of two 1-inch
thick blankets of D~G-K Superfloc with a layer density of 30 layers/inch. The
"Flexible Vacuum Shell’ layout (No. 8) uses three l-inch thick blankets of D-G-K
separated by an open cell foam with a layer density of 22 layers/inch. The effective
thermal conductivity K, for the open—cell foam insulation was based on the data given
in Figure 1-6 of Reference 4-6. This figures indicates that Ko for the open-cell foam
insulation is approximately 2.2 times higher than for Superfloc. The Superfloc has
Dacron tufts with . 375 inch spacing. Each system was first analyzed as a one square
foot sample. This involved determining the average insulaticn surface area. The

curvature effect on the haat flux due to the different radii of the systems was
8-7
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determined to have less than 1 percent correction over a flat plate performance. The
heat leaks were determined through the multilayer insulation by conduction and radiation,
the seams by radiation, the blanket attachments and supports by conduction, and any
purging penetrations by conduction. The temperature difference assumed was 525R -~
37R. The analyses for all design layouts were performed using the Convair Aerospace
Program P5431 (Ref. 8~2).

8.2.10.2 Weight Analysis. Weight breakdown charts (Ref. 8-4, Figures 35 through 43)
were created for each layout showing profiles of the bagsic components, dimensions,
material, and any special consideration noted for future reference. Purge hardware and
insulation system weights are summarized in Table 8-4. Both the gas purge and the
vacuum envelope systems require airborne support hardware. For example, the former
is supplied by a helium storage and distribution circuit. The latter requires isolation
valves and vacuum duc..ng between the tank and umbilical interfaces. The support-
weights for both approaches were estimated to be 150.0 1bs (Ref. 8-5, Figure 3-36).
This weight was obtained by estimating the weights of the helium storage bottle (90 1bs),
bottle support hardware (9.0 1bs), control valves (3.5 lbs), vehicle structure additions
(4.0 1bs), circuit tubing (9.0 1bs), disconnects (2.0 lbs), bag vent valve (15.0 lbs),
instrumentation and wiring (3.0 lbs), fasteners (1.5 1bs), ductirg (13.0 1bs).

Weight variations between purge systems (Table 8-4) are wide with the larger values
occurring in designs using the fairing and manifold systems and *he smaller values
reflected in the arrangements using bags and external manifolds supported from the
insulation only.

Two weights are presented in the table for the vacuum shells, one for the self-supporting
rigid vacuum shell and the flexible vacuum shell. For the flexible shell arrangement

Table 8-4. Weight Estimate Summary* (Layouts No. 1 Thru 9)

Purge

Layout Hardware Insulation

No. Configuration Weight, Ibs  Weight, lbs  Total
1 Internal Fairing 46.7 66.0 112.7
2 External Manifold With Suppurt Cage 56.1 67.3 123.4
3 Internal Manifold 68.0 66.6 134.6
4 Internal, Perforated Purge Bag 15.7 65.0 80,7
5 External Purge Bag 18.1 65.5 83.6
6 External Manifold Supported by Insulation 7.3 65.3 72.6
7 Rigid Vacuum Shell - - 768.0
8 Flexible Vacuum Shell - - 249.2
9 Purge System With Tank Leakages 70.3 66.6 136.9

Channeled Overboard/Internal Manifold
* Airborne support system weight for purge and vacuum systems approximately
150.0 1lbs.
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the vacuum hardware weight is low when compared to the self supporting system, however,
a weight penalty is reflected in the insulation due to the rigid spacer material and the
increased thickness for equivalent thermal performance, when compared with the purge
type configurations.

8.2.10.3 Design Layout Ranking. The ranking shown in Tables 8-2 and 8~3 indicates that
the "External Purge Bag" (Layout No. 5), the '"Internal Fairing" (Layout No. 1), and the
"Internal Manifold System (Layout No. 3) are the leading candidates. When comparing
these three candidates, the external purge bag design (ranking number 1) which purges

by molecular mixing has the advantage of low weight, simplicity, and low helium consump-
tion during hold periods. However, it is questionable if sufficient venting and purge
distribution can be accomplished.

The 'Internal Fairing' concept (ranking number 2) has the disadvantages of added fairing
weight, no positive entrapment of the purge gas during hold periods, and structural
complexities due to the fairing, internal feed manifold, and purge pins. Advantages

are effective gas distribution and venting since the purge points are selectively located
with venting capabilities over the full length of a gore seam. The vent paths for entrapped
gases are short compared to the bag concept.

The third contender, the '"Internal Manifold System' offers the same venting and purge
advantages described for the fairing set-up but requires additional plumbing. The
application of foam to the tank wall however permits the use of nitrogen and is simpler
than fairings due to the absence of standoff saupports and fairing walls which are
sensitive to pressure gradients. Foam however, presents bonding problems when
consiacring temperature cycles.

The "External Manifold System" (ranking no. 4) is complex, large in overall size and
subject to blanket distortion, when considering purge pressures, inertia loads and align-~
ment between manifolds and blanket purge points. The outside surface has discontinuities
which are susceptible to damage.

The fifth ranking layout, the "Flexible Vacuum Shell System' requires three load bearing
insulation blankets. This concept was investigated to generate data which can be compared
with those of the purge systems. There is no great advantage in thermal performance or
weight improvement and only little technology exists for a load bearing blanket.

The advantages of the '"Internal Manifold System'" Layout No. 9 (ranking no. 6) is the ability
to vent tank leakages. The disadvantages of this concept are the additional weight, a
Separate purge system for the annulus cavity and the complexities of sealing the fairing.

The "Internal, Perforated Purge Bag" (ranking no. 7), the "External Manifald With Support

Cage" (ranking no. 8) and the "Rigid Vacuum Shell" systems (ranking no. 9) show increas-
ing weights with no advantage in thermal performance. They were not further considered.
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8.3 ALTERNATE DESIGN LAYOUTS

Evaluations of the nine insulation conditioning systems shown in paragraph 8.2.10
revealed three candidate systems: the purge bag, internal fairing, and internal manifold
approach. The internal apprcach (using a fairing or manifold with purge pins) provided
good external venting capabilities and effective distribution but may demand large
quantities of gas when considering long ground stay periods. The external type (using a
purge bag) would require lower gas quantities plus a more positive control over the
environment since the insulation is enveloped in 2 membrane. However, venting and
purge gas distribution become problems. The purpose of the following alternate designs
was to combine the above systems to minimize or eliminate some of the disadvantages.
Investigation also revealed that the initial designs had deficiencies and were simplified
in the interest of weight savings.

8.3.1 EXTERNAL PURGE BAG - PARTIAL GAS DISTRIBUTION. The Figure 8-6 design
consists of a two piece conical housing, equipped with a cylindrical neck section and
flanged outlet, and two preformed bag sections (one containing a flanged inlet) and an
internal distributing manifold for gas injection. Purging is accomplished by supplying
gas at the bottom cap sheet area with venting at the neck section.

The bag assembly is composed of two preformed scrim reinforced membranes eauipped
with two rings at the girth pl2ne, one ring at tank support end for attachment to che
conical housing, and a flanged outlet which houses the gas distributing probe. The two
bag sections are interconnected at the girth by interbonding the two ring surfaces. To
permit assembly, the gas feed probe flange is bonded to the distributing tube and to the
bag flange after the bag has been positioned over the tank and insulation. External
supports for the inlet interface are required to react loads from the purge supply
plumbing.

The purge gas is injected into the insulation lay-up by nine purge pins (one per gore
blanket) which are bonded to the tank wall and penetrate the cap blanket layers. Gasis
supplied to the pins by tube sections which are interconnected at the gas feed probe with
a ring type boss. Holes located in the inlet probe wall provide additional gas flow
between the outboard face of the insulation lay~up and the bag wall.

8.3.2 INTERNAL FAIRING AND PURGE BAG - COMPLETE GAS DISTRIBUTION. The
Figure 8-7 design envelopes the test tank with a fairing equipped with purge pins. The
insulation is applied over the fairing and the complete assembly enclosed with a bag
containing vent openings. A typical purge gas flow path starts at the inlet fitling, conveys
through the annulus into the purge pins, exits at the purge pin slots into the insulation
layers, vents at the imsulation blanket gore seams into the outer annulus formed by the
bag, and finally exhausts at the external vent opcnings in the bag.

8.3.3 INTERNAL FAIRING AND PURGE BAG - TANK LEAKAGE CHANNELED OVER~
BOARD. The Figure 8-8 design is similar {0 that shown in Figure 8-7 except annuius
cavity is used only for venting any possible tank les kage overboard. To accomplish this
an aluminum alloy fairing incorporating integrally formed channels for housing a

8-13
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TEST TANK

PLUMBING

END CLOSURE
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FAIRING

{l . _EQUIPPED

WITH STAND~ 'll " JOINT (SEE DETAIL C)

BAG
CONSTRUCTED
FROM GORE
SECTIONS
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TANK WALL AND
FAIRING VENTED
OVERBOARD

PURGE GAS
SUPPLY TUBE
FAIRING
VIEW AA TANK
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i INLET FAIRING SE AM
| ANK FLANGE WELD
e 'II.:EAKAGE RINGS
JEN WELD
NN VENTS | SULATION
, SUPPORT
‘ RING

OFkS (SEE
VIEW BB)

T‘ 4— TANK WALL

PURGE

DETAIL C
FAIRING GIRTH JOINT

INSULATION
|“ e
nt 3 ¢ FAIRING CIRTH

4— BAG GIRTH JOINT

PURGE PINS LOCATED
AT THESE PLANES
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FOR BAG

FAI {ING

FITTING RIVET
FTG TO
‘ EQUIPPED

PURGE WITH FAIRING
MANIFOLI;S CONVOLUTES
POSITIONED IN SLOTS
FAIRING IN FTG
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TANK WALL

VIEW BB
TYPICAL FAIRING STANDOFF

Figure 8-8. Internal Fairing and Purge Bag ~ Tank Leakage Channeled
Overboard ~ Complete Gas Distribution, 105-Inch Test Tank
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separate external purge manifold ig used. The fairing also includes vent tubes for
conditioning and veuting the anmlus cavity. The purge circuit for the insulation is
therefore completely isolated from tne arnulus by flowing helium through the tubular
manifolds equipped with purge pins.

§.3.4 ALTERNATE DESIGN LAYOUT RANKING. Table 3-5 preseuts ihe performance
summary axi ranking of the three alternate design layouts. Table 3-6 minimizes the
purge hardware and insulation weighis. Weight details are shown in References 8-3 and
8-5. The iayors are rated usiag previous evaluaicu methods. The towal ratings
computec on Table 3-5 stow the "Iaternal Fairing and Purge Bag Lzyout” utilizing a
complete gus dietribution ag the best Jesigr cue primarily to its purze efficiency and
structurel integrity.

8.4 FINAL DESIGN SE LE CTION

The concept selection for the firal ingulation system design depends primarily upon the
degree of purge gas distribudon required. The '"External Purge Bag System'' with the
partial gas distributions (ranking no. 2) which depends upcn a dilution or mixing process
only offers simglicity and weight advantages but has questionable vurge efficiency. The
second concept "Internal Fairing ana Purge Bag System" with tte complete purge zas
distribution system (ranking no. 1) offers an increase in purge efficiency at the expense
of increased complerities. The third alterante layout "Internal Fairing and Purge Bag
System' with the capability for cverboard veating of tank leakages (ranking no. )
presents additional hardware complexities, plus the need for provisicns to condition

the annulus cavity.

To asgist in resolving what degree of purge distribution is required, tests were
conducted on a flat specilaen representing a tynical insulation blanket (Paragraph 7.2.2).
These tests did not specifically determine where the gas should be injected such as
quantity and location of purge pins, but they were expected to reveal any requirements
above the simple molecular mixing or dilution process which blows gas in one ¢ad of

a bag with exhnusting at the opposite end. The purge test indicated that at a distance

of four feet and a typical flow rate of 10 volumes per hour, approximately 30 minutes
are required to reduce the air concentration to five percent. It took approximately
three minutes to achieve a five percent air corcentration at the same location for a flow
rate of 100 volumes per hour. At these flow rates however, a scattering of the test
points was observed. The scattering was probably cansed by irregular helium
tunneling through the insulation blanket.

Refersance £-1, contrr.ct NAS8-27419, '"Design and Development of Pressure and
Repressuriz.tion of Purge Systems for Reusable Space Shuttle Multilayer Iusulation
Systems, " contains an operation plan indicating a time requircment of 2-1/2 hours to
establich and maintain pretanking purge condiiions. The latter requirements lead to
the conclusion that only such purge system designs can be vied hich permit a fast
and complete distribution of purge gases through a bag.
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Table 8-6. Weight Estimate Summary of Alternate
Design Layouts

Purge Insula-

Hardware tion Total

Weight Weight Weight*
Configuration lIbs 1bs 1bs

External Purge Bag - 30.8 65.6 96.3
Partial Gas Distribution

Internal Fairing and Purge 8¢.2 65.5 154.7
Bag - Complete Gas

Distribution

Internal Fairing and Purge 95.3 65.5 160.8

Bag - Complete Gas
Distribution, Tank Leakage
Channeled Overboard

*Airborne system weight approximately 150.0 1bs.

The design incorporating
overboard venting of tank
leakage is rated below the
others due to weight penalties
and complexities.

Convair Aerospace has
constructed and leak tested
an 87 inch major diameter
ellipsoidal tank for liquid
hydrogen applications (Ref.
9-1). The results of these
tests showed an average
leakage rate of 3.57 x 1078
STD cc/sec of helium per
seal at 20 psi differential
and 6.20 x 10-8 at 80 psi
differential. Similar tanks
are currently under constru-
ction (at Convair Aerospace
for NASA) for FLOX,

Methane and Liquid Hydrogen applications. Leakage tests for the FLOX tank are under-
way and early results indicate average values less than 1 x 1079 STD cc/sec at 20 psi

differential (using helium).

Based on the above data, Case 3 (which channels tank leakage overboard) is not
recommended due to the added complexities for venting leakages which have no

appreciable influeace upon thermal performance.

Summarizing the above arguments, the alternate layout no. 1 has been eliminated due

to low purge efficiency. Alteraate layout no. 3 was eliminated due to system complexity
and demonstrated ability to construct leak tight tanks. The concept shown in layout no.
2 with the ran~.ng number ore was selected for the final d_sign.
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SECTION 9

MLI AND PURGE/RE PRESSURIZATION SYSTEM PRELIMINARY
DESIGN FOR THE 105 INCH MSFC CALORIMETER

A preliminary design for the Multi Layer Insulation and purge system for the 105 inch
MSFC test tank is shown on Figure 9-1. The preliminary design includes a general
arrangement, details of pertinent areas, assembly procedures, external interfaces,
weights, materials, operating conditions, surface areas, and purge gas cavity volume,

Basically, the design consists of a heat exchanger coil; a rigid penetration panel, incor-
porating instrumentation and gas feed fittings; a faiving which envelopes the tank; a

M1 lay-up applied in gore sections over the fairing; and an external bag type enclosure
for containing the purge gas. The configuration is arranged such that instrumentation
can be installed at the inboard or outboard side of the fairing without penetrating the
MLI or the fairing wall. The fairing is equipped with purge pins for distributing gas
between the MLI layers. The annulus cavity between fairing and tank therefore acts as
a plenum chamber for the purge gas.

9.1 HEAT EXCHANGER CO.L

The heat exchanger coil is 1/4 inch O.D. aluminum alloy tubing hand wound to the CRES
neck of the tank and reiained with an aluminum clamping band (detail "A" A/5* and note
5). Contact between coil and tank is maintained by the coefficient of expansion difference
between aluminum and CRES. The coil terminals are connected to the penetration panel
bulkhead fittings.

9.2 PENETRATION PANEL

The penetration panel incorporates all pass through fittings for instrumentation, gas
supply, heat exchanger terminals, and provides the primary support for the outer bag
assembly., The panel consists of three 120° sectiocns (detail "A' A/5) to permit assembly
to the test tank, Axial restraint is provided by three adjustable rods which attach to the
test tank support plate through gib blocks. Radial restraint is derived from the engage-
ment between the panel hub section and the tank neck. Flat FEP gaskets are used for
sealing between the 120° sections using an epoxy caulk at the corner areas. If disassem-
bly is not required, the gaskets may be replaced by coating the surfaces with adhesive.
Sealing between tank neck and panel hub is accomplished with an epoxy prepreg cloth
wrap as outlined in notes 2 and 6 of Figure 9-1. The quantity, type, and location of pass
through fittings shown assembled to the panel can be varied for specific test requirements.

*A/5 is typical reference to drawing location.
9-1



9.3 PRESSURE SENSING TUBE

Detail "R" D/8 and detail "A" A/5 show a typical pressure sensing tube installation
originating from the penetration panel pass through fitting. The tube is routed on the
inboard side of the fairing and supported with clips which are bonded to the tank wall.
The tube is shown terminating near the tangent line of the aft bulkhead, however this
can be varied to meet specific test requirements.

9.4 FAIRING

The fairing assembly consists of two single piece bulkheads (with cylindrical skirt
sections) interconnected at the girth, and a two piece neck section which attaches to the
penetration panel (detail ""A" A/5 and general arrangement). The surfaces of both
bulkheads are stiffened with integral beads (detail "E" B/10, arranged in a grid pattern.
Additional stiffening is provided by rings located at the aft area, the girth area, and

at the forward end near the neck section.

The forward fairing section is sealed to the base of the MLI support pins using retainers
(detail "B" D/7). Interconnections between fairing sections (including the seams for

the two plece neck section) are made using slip type joints equipped with flush screws,
back up strips and nut plates (view JJ A/3, detail "C" A/7 and detail "A" A/5). These
slip joints are sealed with tape strips. A flat FEP gasket is used to seal the fairing
neck section to the penetration panel.

Support for the fairing is provided by the connection at the penetration panel, the slotted
ring located at the conical base of the neck section, the local attachments at the M11
support pins, the stand off clips at the girth ring, and the stand off clips located at the
aft ring. Supports at the penetration panel and at the MLI support pins are fixed com-
pared to the spring type stand off supports used at the girth and »f% rings. These latter
spring type supports assume a pre deflected position when the fairing is installed to
compensate for tank dimensional changes. Tank movements at the MLI support pins
are absorbed by the flexibility in the fairing wall and the local "cup type" closure pieces
used to extend the fairing wall to the base of the MLI support pins. Final designs may
reflect fairing wall stiffener patterns oriented to avoid any possible local buckling of
the fairing profile.

The forward, girth and aft regions of the fairing are equipped with purge pins bonded to
the fairing wall. Purge pins located near the girih area; at the forward section

near the MLI support pins and at the cap blankets are installed as shown in detail

"C" A/7. The remaining pins are designed to serve as combination stand off fittings
for the bag and as purge gas distributors (detail "D" A/10),

9.5 MULTILAYER INSULATION (MLI) LAY-UP

The MLI lay-up consists of 18 gore blankets, two neck blankets and two cap blankets.
Each blanket is a separate preformed assembly composed of flocked core sheets
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sandwiched between two reinforced face sheets (detail "L" C/10 and general arrange-
ment). The core and face sheets are intcrconnected with grommets and reinforcement
tabs installed by bonding and heat swaging techniques. This method prevents interlayer
shifting, allows reaction of the primary loads through the face sheets, and provides a
positive method of controlling seam gaps between blankets. Holes are also provided in
the MLI blankets for the purge pins per details "C'" A/7 and detail "D" A/10. These
purge pin holes in the MLI are not reinforced and are sized larger than the purge pins,
This clearance between purge pins and holes allows for tolerances and permits the
loads to be diverted through the primary support pins.

The gore blankets extend continuously from the neck area to the aft cap blankets with
the inboard and outboard gore seams staggered. The neck bla kets are wrapped around
the cylindrical neck portion of thie fairing and retained with pins and fasteners per detail
"A'" A/5 and view JJ A/3. The aft end of the gore blankets are interconnected to the cap
sections as shown in view SS A/7. At the forward end, tape seals are applied to the
face sheets at the mitered joints.

The gore blankets are supported at the forward end with pins bonded to the tank wall.
Deflection of these support pins is minimized by interconnecting the outboard ends to a
ring (detail "B" D/7).

9.6 BAG ENCLOSURE

The external bag enclosure consists of two semi rigid bulkhead type assemblies which
completely envelope the MLI system. The forward assembly consists of a rigid single
piece neck housing (incorporating a vent port), an external stiffener ring and a single
piece bulkhead membrane containing an integral girth ring. The aft assembly is simi-
lar except no neck housmg is required (details D" A/10, "A" A/ and "C" A/7). The
two assemblies are sealed by the flanged connections at the girth and penetration panel.
The complete enclosure is therefore supported in all planes from the penetration panel
and radially restrained by the stand off buttons attached to the aft row of MLI purge
pins, Additional restraint is provided by the forward MLI support ri..g.

9.7 MATERIALS

A summary of materials is shown in the notes section of the design layout. The pri-
mary material is DuPont's PRD-49 high modulus organic fiber coupled with epoxy resin.
When compared to fiberglass, PRD-49 offers a reduction in weight (. 05 #/in3 Vs . 07);
increased stiffness (4.5 x 100 psi Vs 2,9~ 10% at R.T.); increased strength (512 #/in
Vs 330 #/in @ R.T.); and low coefficient of thermal expansion (3 x 1076 in/in/°F Vs

7 x 1076 in/in/°F approximately). Prior to final designs, the PRD-49 properties and
fabricating characteristics should be verified for this application.

The basic wall for the bag is two plys of epoxy pre preged PRD-49 (style 181) sand-
wiched between two films of FEP (2 mil gage eac! which gives an approximate overall
gage of ,020 inches. The fairing is similar excepi no FEP is used, Accessories such
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as the penetration panel, neck housing, and rings are lay-ups of PRD-49/epoxy. Poly-
phenylene oxide (P, P.O.) is used for all MLI fasteners, bag standoff buttons. purge
pins, grommets, and reinforcement tabs for the MLI face sheets. The MLI support
pins are epoxy/uni-direction fiberglass.

Aluminum and CRES alloys are used for the remaining accessories such as the pene-
tration fittings, cooling coil, coil band, screws, nut plates, support rods, and gibs.

A typical MLI blanket consists of . 0003 inch double goldized Kapton sheets (flocked)
sandwiched between two beta glass reinforced Pyre-M.L. face sheets. MLI blanket
construction is shown in detail "L" C/10.

9.8 SYSTEM WEIGHTS

A complete weight analysis was made and summarized in the notes section of the design
layout. The following is a weight comparison between designs using PRD-49 and fiberglass
fabric material:’

Design Confizuration Total Unit Wt Lbs/Ft2
esign Lontgh Wt Lbs of Tank Surface
Present final design using PRD-49 fabric 197.5 .66
Present final design using fiberglass fabric 240.6 . 803

9.9 SURFACE AREAS

For information purposes, surface areas for the fairing, the MLI and the bag are sum-
marized on the design layout. The area for the fairing includes the effects of the bead
stiffener pattern.

9.10 OPERATING CONDITIONS

The bag hoop stress is approximately 1.2 times that for the bag enclosure currently
under development for contract NAS8-27419, Ref. 8-1. The strength ratio of PRD-49
to fiberglass (at R.T.) is approximately 1.55. In the absence of test data, it is
assumed that the PRD-49 material will exhibit strength properties compatible with
the ratings shown on the design layout.

9.11 ASSEMBLY

An assembly sequence consisting of 9 basic steps is shown on the design layout. The
MSFC test tank is suspended from a shop fixture having two support beam attachments.
In step 1 the heat exchanger coil, the penetration panel and any instrumentation is
installed on the tank surface and connected to the panel pass through fittings, In step 2
the two piece neck section of the fairing is installed. At step 3, the forward fairing
assembly is positioned over the shop fixture, the forward end of the fixture connected
to a support, and the aft beam disconnected, which permits the positioning of the fairing
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over the tank shown in step 4. The fairing assembly is then connected (and sealed) to
the previously installed neck section and the MLI support pins installed. In step 5 the
aft fairing section is positioned, interconnected to the forward fairing at the girth line
and sealed. Any instrumentation for the fairing is installed at this point. At step 6,
the MLI blankets are installed over the fairing and instrumented. The bag standoff
buttons on the aft row of purge pins are installed after the MLI is in place. Installation
of the forward bag section is accomplished in step 7 by positioning the bag over the
MLI assembly and attaching it to the housing portion and the penetration panel. At
step 8 the aft bag is positioned and attached to the forward fairing at the girth ring.
The assembly is completed in step 9 by attaching the MSFC supports to the tank neck
and removing the shop fixture,

9.12 INSTRUMENTATION

An instrumentation layout is shown in Figure 9-2. The layout locates the temperature
pick~up points for the MLI system, the fairing, the bag enclosure, the tank wall, the
internal tank stand pipe, and gas cavities in the tank ullage region. Included are the
quantity of points assigned to each electrical penetration fitting (including spares); and
a summary table showing the purpose for each pick-up point. Typical instrumentation
for the interlayers of the MLI lay-up is shown in View DD. The pick-up points are
staggered to minimize distortion between plys and to avoid heat shorts., The cluster
shown in View DD is located at the girth area with orientation optional. Pick-up points
for the MLI] prima.y stpport pins are shown in detail "D". One is located at the base
of the pin near the tank wall and a second at the outboard end of the pin. View CC is a
cross-section thru the MLI blankets showing a typical set of twin pin fasteners. One
pin of each fastener set is instrumented with thermocouples located on the inboard and
outboard ends. The remaining instrumentation points for the MLI are attached to the
face sheets only. These are shown in the general arrangement and detail "A'", The
outboard surface of the fairing is instrumented at the neck area, forward and aft bulk-
head regions, and at the girth section. The leads for these points are atiached to the
outboard fairing surface and routed to the penetration fitting prior to installing the MLI
blankets. The bag enclosure has thermocouples located on the outboard surface only
and therefore will not require routing thru the penetration fittings at the forward panel.
Temperature points are also included at the forward panel near the penetration fitting
and one support rod.

The outside surface of the tank wall is instrumented at the neck region (including the
heat exchanger coil), the forward and aft bulkheads and at the cylindrical section.
These are installed prior to the fairing and the 1eads routed thru the penetration fitting
that is located between the tank neck and the fairing walls (annulus cavity). The pick-
ur points for the pressure sensing tube are also accommodated by this latter penetra~
tion fitting (detail "A").

Several thermocuples are located inside the tank wall at the neck region for monitoring
the standpipe wall, the gas cavity inside the standpipe, and the gas cavity betw. en the
tank wall and the standpipe. These points require an electrical penetration fitting
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which pesses thru the tank neck wall and is located inboard or outboard of the enclosure
panel. Removal of the standpipe and rework of ui:» tank neck section is required.

The forming and application of thermocouple leads are discussed in reference 3-1,

These procedures were developed by GD/CA under the cryogenic tank test program
(Reference 9-1).
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SECTION 10

THERMAL EVALUATION OF THE 195 INCH
CALORIMETER INSULATION SYSTEM FINAL DESIGN

The thermal performance of the insulation system used on the 105 inch tauk in evaluated

using the same basic approach used successfully in Convair's 87 in. tank program.

(Reference 3-2).

10.1 ANALYTICAL MODEL

The analysis of the final system design considers the tank in two separate segments.
One segment consists of the tank and insulation system below the liquid level line and
the other part is above the liquid level line. Figure 10-1 is a schematic of the 105
inch tank with a breakout of where the regions begin and end. Also shown in Figure
10-~1 are the locations of the nodes used in the liquid region of the tank. Figure 10-2
gives the node locations for the ullage section of the tank. The following heat transfer

paths are considered in the analysis:

7.
8.

Lateral conduction along tank wall
and neck.

Lateral conduction along fairing.
Radiation through Superfloc insulation. 9.
Solid conduction through the 10.
Superfloc.

Radiation down seams.

Solid conduction through blanket
penetrations.

11,

NUDE 1 - TANK REGION IN
CONTACT WITH L. e
o 2 ALy el T

-

.
SET s
l FlG\,"ll’ @2 B |

< .

!
LEYET,

l

SECTION C
INSULATION @__’
NODES 14-19 | 5

i

msu.anw

NODF'S 20-25 %

SECTION A
INULATION
NODES 28-30, 13

Figure 10-1. Schematic of 105-Inch Tank
With Node Location in Region 1
(Liquid Region)

Radiation between tank and fairing
Solid conduction betweer. tank and
fairing.

Conduction along fill and drain line.
Corvection between venting hydrogecr
and tank wall, tank neck, fill/drain
line.

Radiation between inside of tank and
liquid hydrogen.

42,43,44, 45,46, 47

1
48,49,50,51,52,53 j

Figure 10~2. Node Locatioa for Ullage
Section of Tank (Region 2)
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A detailed listing of the input into the Conyair Thermal Analyzer is given in Appendix D.
Table 10-1 outlines the number of support pins, grommets, seam/pin/grommet combina-
tions, purge pins, seam length and insulation surface area for each of the tank's sections
indicated in Figure10-1. The information in Table 10-1 indicates a total average
insulation insulation surface area of 318.4 ft2,

10.1.1 MULTILAYER INSULATION. T able 10-1. Insulation System Design

The multilayer insulation (MLI) Characteristics
consists of one-inch thick blankets Suanbor of “am n:‘:;:;&o:
of D~-G-K Superﬂoc with a layer Fairing Nodes Seam Purge Length Surtace
density of 30 layers/inch. The Section _inSecton ~ Pins Gromz.ew® $/G Pios B _Ares  Blasket
Superfloc has Dacron tufts with A bl 0 3 :f 1 3;‘2, “ ?.‘;::
3/8 in. spacing. The tufts ave B 561 0 ° 198 0 3.5 113.0  Outer
made of 3 denier Dacron fiber with holl of 8 & 4 ° e faner
a nominal length of .04 in. Figure  ° Julighn @ e ss e
10-3 shows the nodal network that ™ 0 0 % 9 150  29.3  Outer
was input into Program P4560 (Ref. ¢ 14.62 {oner
6-1). The emittance and solid P2 ° o Rl
conduction used is the same as E 3 3 2 0 1125 4.2  Outer
outlined in Appendix C. 3 P AR e
* Grommets used rithout Jeam pins. o e
The properties given in Appendix 5/G: Seam Pin/Grommet Combination
C were input into the Convair T
thermal analyzer to determine the heat {lux for
540R/140R temperature extremes on a two inch @ o2 m———
thick system. A heat flux of .0371 Btu/br ft2 was ¢
obtained. This corresponds to an effective e siay G 8
thermal conductivity of 1.55 x 10~5 Btu/hr ft R. I
This is a 10.75% degradation over the 1.37 x el
1075 Btu/nr ft R measure by the A.D. Little Co. _—
in the flat plate calorimeter, Section 4.8. This wee || %
degradation factor was applied to account for the teosted _u
curvature of the tank and the degradation, which e ——
might be expected when the insulation is actually ® { aFFace Sheet
aprlied to the tank. =
e /=
10.1.2 BLANKET ATTACHMENTS. The cross- ol 3
section area, length and material of the support — T ij
pins, seam pins, gr.mmets and parge pins are £=.35 ————— 15
summarized in Table 10-2. The thermal conduct- o) i
ivity of PPO and fiberglass are given in Table C-3 . 3
(Appendix C) and 10--3, respectively. t=.% N :
) ) . N=2 8 Eo}:}ace Sheet +
10.1.3 SEAMS. The insulation is placec on the 4=.0333 1t Layer S.1.

tank in 40° gore sections with a total outside seam  ** " inmlation Thickness Betwoen Nodes
length of approximately 146 ft/blanket layer. The Figure 10-3. Nodal Network for
seams of ti. > two blanket layers are offset and are Two Inches of Superfloc
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estimated to have a seam Table 10-2. Blanket Attachment Table 10-3. Thermal

width of 1/32 inch. The Characteristics Conductivity of Unidir-
equation describing the seam ectionsl Fiberglass
heat traunsfer is given in
Figure 10~4 where f = Cruss Sectigr  Length ' Temp.  Thermal Conducuvity
dimensionless function of vesnpuon  Area [T meh  Mawral ; Ko Buwhril
the butted jOint to depth Support Pin . 0U00351 2 Fiberglass 30 212
. . Support Pin for Neck 0000701 z Pro 100 .17

ratio = . 004 for 1/32 inch uromme;/ . 0000948 1 Pro ! } 200 .26

. S Pia/Gi . ) K
width. It follows that S e eommet 00016 kP o o
_5. ,A_ = -, 000333z . Purge Pias L 000777 2 rpPo 300 .38

l] i 8 uuu .38 1

10.1.4 CONVECTIVE HEAT

TRANSFER. A free convect-

ive heat xansfer coefficient is used on the fill and drain line and the neck of the tank.
The Convair thermal analyzer calculates the coefficient from the following condition.
If Gr Pr < 10? then Nu = . 555 (Gr Pr)1/4 and if Gr Pr > 109 then Nu = .13 (Gr Pr)0-33,

10.2 RESULTS Sl L 51 B S W o
- Gp = Lgbs o £(T) - T,), Bumr LA

Tho computed heatloakags | sy tooms e
through Region 1 is shown in v - seam wukth, &
Table 10-4. Het. 1=

- 08
In Region 1 (Figure 19-1) the %’
average insulation surface § {
area = 269.4 ft2. A complete 2.04
listing of the temperatures s
computed for the nodes in -
Region 1 are given in Table 02
10-5.

0 4 - .
The computed heat 1eakage 0 0.1 0.2
through Region 2 is presented 7/% dimensionless
in Table 10-6. Figure 10-4. Dimensionless Function f (y/6g) for
Computation of Superinsulation Seam

The computed temperature Heat Leak

of the various nodes for
Region 2 (Figure 10-2) are Table 10-4. Thermal Performance Results (530R - 37R)

given in Table 10-7. -
Heat Leakage Percent
A summary of the heat leak~ Path Btu/br of Total
ages into the 105 inch tank ir| Seams 2.16 10.9
shown in Tabie 10-8. S/G Pins 6.27 31.7
Support Pins and Grommets 2.04 10.3
The heat leakage into the Purgc Pins 0.28 1.4
tank, due to thermal couple Superfloc ML 9.04 45.7
instrumentation leads has Total 19.79 100.0
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been determined to be negligible. There are 93TC (Figure 9-2) made of 36 gage chromel,
constantan wire (Section 9.12). Table 10-9 summarizes the thermal performance of the

iotal system.

The effective K for the entire 105 inch tank insulation system was computed to be

5.0 x 1079 Btu/hr ft F. The same system, without the purge bag and fairiny would have
an effective K of 2.67 x 107° Btu/hr ft F. It is also interesting to note that th.e effective
K of the 105 inch tank insulation design was improved by 22 percent over the 87 inch tank
design. This improvement was mainly due to the utilization of goldized radiation shields
and more effective insulation attachment designs.

‘Table 10~-5. Temperature of Nodes in Table 10-6. Thermal Performance
Region 1 (See Figure 10-1) Results (Region 2)
B
Temperature Heat Flow, Btu/hr
Node R 530R at
Tank Wall —_ ] 37.000 Top of 140R 37R
( ) 243.728 Heat Path Fill Line Exchg. Exchg.
3 197.418
4 196.422 Pins <1.22 <1.22 1.22
> 190.228 Seams <0.58  0.58 0.6l
6 185.370
Tank Fairing { 7 184. 711 Fill/Drain Line  0.001  0.000 0.000
5 15L.8% Aluminum Tank >12.65 >5.53 2.04
9 186.210 s
Dome (at Liquid
10 185.158 Surface)
t 11 192.081
12 208.207 Total 14.450 7.33 3.87
Section A *T 13 236.525 Neck Heat - 64.7 94.90
14 530. 000 Exchanger
Insulation 15 487.621
Section C 16 430. 568
Figure 10-1 17 389. 344
18 329.802
. 19 222,191
[ 20 530.000
21 488.210
Section B 22 432.254
Figure 10~1 * 23 390.532
24 330.001
| 25 219.216
(26 530.000
27 488. 005
Section A { 28 431.663
Figure 10-1 29 391.490
L 30 334. 265
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Table 10-7. Temperature of Nodes in Region 2

140R Exchanger 37R Exchanger 140R Excharger 37R E xchanger
Temp. Temp. Temp. Temp.

Node R Node R Node R Node R
1 37.000 1 37.000 38 373.613 38 355.672
2 37.164 2 37.087 39 435.570 39 417.806
3 37.484 3 37.241 40 189. 960 40 189. 957
4 37.3851 4 37.398 41 193. 377 41 193. 375
5 38.496 5 37.632 42 530. 000 42 530.000
6 38.710 6 37.684 43  5013.322 43  503.215
7 39.719 (] 37.846 44  471.728 44  471.468
8 40. 742 8 37.957 45  446.214 45  445.792
9 69.416 9 41.203 46  415.615 46 414.952
10 102,991 10 44,045 47 381,212 47 380.201
11 140.000 11 37.000 48 530.000 48 530.000
12 295,784 12 239.419 49 490.977 49 490.973
13 409.410 13 386.669 50 439,991 50 439.979
14 469.2%4 14  457.985 51 400.091 51 400.076
15 530.000 15 530.000 52 343.891 52 343.871
16 190. 404 16 190. 397 53 252.812 53 252.769
17 205.129 17 205.084 54 530. 000 54 530.000
18 233.739 18 233.702 55 492. 005 55 492,005
19 259.517 19 259.390 56 442,798 56 442,798
20 313.165 20 312.331 57 400.136 57 400.136
21 273.018 21 271.999 58 338.195 58 338.194
22 272.512 22 270.873 59 224.174 59 224.171
23 317.013 23 314.813 60 519.622 60 517.472
24 517.867 24 516.960 61 37.143 61 37.074
25 529.854 25 529.843 62 37.457 62 37.226
26 37.000 26 37.000 63 37.820 63 37.382
27 37.143 21 37.074 64 38.427 64 37.602
28 37.456 28 37.226 65 39.074 65 37.780
29 37.8117 29 37.381 66 40.456 66 37.963
30 38.426 30 37.602 67 46. 747 67 38.809
31 38.790 31 37.713 68 72.344 68 42.521
32 39.511 32 37.791 69 106.001 69 50.870
33 42,224 33 38.089 70 168. 304 70 85.314
34 63.410 34 40. 245 71 315.519 71 263.608
35 96. 740 35 45,382 72 418.576 72 396.009
36 140.608 36 55,566 73 473.259 73 462,035
37 252.682 37 192,778
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Table 10-8. Summary of Results of Heat Leakage to

105 Inch Tank
Percent of
Heat Leakage  Total Through
Btu/hr Regions 1 and 2
Path 140R* 37R* 140R* 37R*
Seams 2.74 2.77 10.1 11.7
Pins >9.81 9.81 >36.2 41.5
Superfloc MLI 9.04 9.04 33.4 38.2
Region 1
Aluminum Tank <5.53 2.04 20.3 8.6
Dome Region 2
Total 27.12  23.66 100.0 100.0
* Exchanger Temperature

Table 10~9. Thermal Performance o' 105 Inch Tank Superfloc
Insulation System

System

195 Inch Tank:
Entire System With
Purge Bag & Fairing

105 Inch Tank:
System Without
Purge Bag & Fairing

87 Inch Tank:
System Without
Fairing ~ No Purge
Bag (Ref. 10-2)

Thick-

ness, Weight, Vol. Density, Effective K, pK

inch bs 3 £t3 Btu/hr ft R 530-37R
3.75  197.5 97 2.04 5.0x10™° 10.2x 1075
2.00 66.8 53 1.26  2.67x10™° 3. 6x10-D
1.50 - - 1,21 6.8X107° 8.2 x10°
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SECTION 11

PROGRAM CONCLUSIONS AND RE COMMENDATIONS

The following conclusions and recommendations are based on the analytical,
experimental and design work performed during this contract.

11.1 CONCLUSIONS

1.

The Superfloc MLI concept,utilizing 30 gauge, double goldized Kapton radiation
shields, separated by low-conductive Dacron needles is a strong candidate for
insulating reusable vehicle cryogenic tankage when considering such factors as
pk, structural strength, thermal cycling, purging, venting, repressurization,
density control and insulation application.

Tests conducted at the component and assembly level verified that the proposed
insulation system is thermally and structurally sound for 100 missions.

Superfloc has the necessary resistance to compressive loads. It maintains its
thermal performance for loads that would be expected during the mission.

Superfloc can be economically manufactured with the proposed Schjeldahl
production machine.

The selected Superfloc insulation system design, featuring an internal fairing,
a purge bag and a complete purge gas distribution system is an excellent
concept due to its thermal and purge efficiency, lightweight and structural

integrity.

Five percent air concentration was measured during a typical blanket purge test
after 30 minutes of purging at 10 volume changes per hour and after 3 minutes
at 100 volume changes per hour.

The results of a calculation show that Superflo~ at the natural layer density of
30 layers/inch requires & vent valve with an orifice diameter of two inches
to be pumped down to 1 X 10-4 torr in 290 seconds.

The effective K for the entire 105 inch tank insulation system was computed to be
5.0 x 10~5 Btu/hr ft °F). This is an improvement of 22 percent over the Convair
Aerospace 87 inch tank design (Ref. 10-2). The improvement is mainly due to
improved insulation attachments, goldized radiation shields and a smaller seam
width between the blankets.
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9.

The predicted pK factor of the system including all components is 10.2 X 107°
Btu-lb/hr ft? °F. This valus is realistic when compared with the tested 87 inch
tank pK factor of 8.2 x 10~5 Btu-lb/hr ft? °F (without fairing and purge bag).

11.2 RECOMMENDATIONS

1.

5.

9.

10'

The final Superfloc insulation system design for the 105 inch calorimeter should
be fabricated and tested to verify the thermal performance of the entire system.

Radiation shield materials should be procured utilizing adequate specifications
to assure proper quality control.

Non-destructive tasting techniques should be developed to determine the metal
thickness on metalized plastic films used in MLI.

The complexity of the determination of the optimum gold film thickness on
radintion shields, considering all variables involved, requires the establishment
of a computer program.

Standard techniques should be developed for measuriag the emissivity of
metalized films.

The use of metalized films other than goldized films should be studied for
reusable MLI. The study should include the analysis of coatings to prevent
oxidation of metals.

The use of higher density Superfloc should be examined for reusable insulations.
This will involve the use of different floc fiber lengths, dot sizes and spacings.

The development of the Pyre ML face sheet should be continued to reduce the
brittleness which occurs after increased cycling between -420 and 300°F.

Techniques should be developed which determine and monitor the MLI
degradation through reuse. Include the use of sensing versus boiloff devices.

Integration of a meteoroid protectior system with a reusable MLI system should
be investigated through analysis, design and component experimentation.
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APPENDIX A
CARBON FINITE-DIFFERENCE SCHEME

Computer code CARLON is used to integrate general hyperbolic or parabolic partial
differential equations. For example, the equation

2

du Ju Jdu

.é_t-— a8x+b 2 (A-1)
9X

which is hyperbolic if b = 0 and parabolic if a = 0, is typical of the type of equations that
can be integrated with this code. Since

¢ % _{. CARBON is designed to be very general,
5t the user is required to code into a sub-
—f- routine the righthand side of the equation.
atl This must be done in finite-difference
form., The figure below illustrates the
o1 "’l I"‘ finite difference mesh.
+ f Tl The left-hand side of equation A-1, a first
J= j PURGE BAG order time derivative, is always approx-
RA? IATION SHIE LDS{ O imated by a forward time difference, i.e.
ntl n
u, = -u,
Finite Difference Mesh % = —Lé—t—-—J— (A-2)

A few of the possible differencing techniques that can be used to approximate the right-
hand side of equation A~1 are listed below

CENTERED SPACE DIFFERENCE (at time n)

un un
uy j#1_ j-1
29X 2 6x

FORWARD SPACE DIFFERENCE (at time n)

— ——g—X —

un un
du, j+1

90X 6x

— X

BACKWARD SPACE DIFFERENCE (at time n)

gn.j -t —X—T_



When these differences are combined to form an implicit scheme with centered space
differences and forward time differences as follows,

un+1 un n un u ou+ u n+l hn+1
j j 1 j+1 i-1 j j j=1 j+1 j~1
e —— = o | O + b + a
&t 2 2 6x 2 26x
ox
l |
un—’ 1 n+1 un+1 —X X o
.+ - . '
R (o T B ' _ J_
2
56X l |

the result is a stable scheme; proposed for parabolic equations (a = 0) by Crank and
Nicholson in 1947, For hyperbolic equations (b = 0) this scheme is stable (for simple
boundary conditions) but lacks diffusion, i.e. the characteristic of smoothing obtained
by the second derivative term, As a result the solution is oscillatory.

Oscillations for the case b = 0 can be removed by donor cell, windward or upstiream
differencing of the convective (first deri ative) term:

DONOR CELL, UPSTREAM OR WINDWARD DIFFERENCE (at time n)

forC > 0
M |
3 . .
c M=g [ _J__J_l_J e X e X e
0X oX |
forC < 0
n ul‘l I
ou _ 1 }
—:C -——x—x-
C ox 66X .

This differencing method results in a truncation error (inaccuracy in approximating
the derivative) which is proportional to a second space derivative. The error provides
diffusion which is sufficient to damp the oscillations and, with simple boundary con-
ditions, produce 2 smooth solution.

The preceding remarks are valid for linear equations with constant coefficients and
extremely simple boundary conditions. Non-linearities in the equatiors and boundary
conditions can create oscillatory behavior and even instability. For such cases,
reducing the time step (6t) usually helps.
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APFPENDIX B

HELIUM PURGE TEST DATA

Appendix B presents the tabulation of the helium purge test data. Test procedures and
results are discussed in Section 7.2.2.2. The test apparatus used was an 8 ft long,

20 in. wide and 3/4 in. high plexiglass purge pauel, simulating a purge bag for 22
layers of Superfloc insulation. Five tests were conducted with the panel in horizontal
position and one test with the panel in vertical position, The results are listed in the
follewing tables:

Table B-1 Horizontal He Purge Test - No Insulatior - 10 Vol/Hr

Table B-2 Horizontal He Purge Test - No Insulation - 100 Vol/ Hr
Table B-3 Horizontal He Purge Test - 22 Layers Superfloc - 10 Vol/Hr
Table B-4 Horizontal He Purge Test - 22 Layers Superfloc -~ 100 Vol/Hr
Table B-5 Horizontal He Purge Test - 22 Layers Superfloc - 100 Vol/Hr
Table B-6 Vertical He Purge Test - 22 Layers Superfloc - 100 Vol/Hr
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APPENDIX C

DETAILED THERMAL PERFORMANCE PREDICTION OF
THE PRELIMINARY DESIGN LAYOUTS

This appendix presents :. detailed discussion of the thermal performance prediction for
the preliminary design layouts described in Section 8.2. The prelirinary analysis
was based on 2 square-foot basis to determine the actual heat flow to the 105-inch tank
assuming the outer layer of insulation is constrained at 525R and the liquid cryogen
temperature is at 37R.

Table C-1. Average Surface Area of 105-Inch Tank Insulation System

System Standoff (inch) | Av. Area of Insulation (ﬁz)
1 Fairing 1 322
2 External Manifold 0 306
3 Internal Manifold 1 322
4 Internal Bag 1/4 309
5 External Bag 0 206
6 External Manifold 0 306
{no support cage)
7 Rigid Shell 1/4 309
8 Flexible Shell 0 312

Figure C-1 shows the nodal network that was input into Program P5431 for analyzing the
heat transfer through Superfloc. Heat is considered to be transferred by conduction as
well as radiation. The emittance of the unflocked side (€.) of the D-G-K reflective
shield was assumed a constant . 025. Using the relationsﬁip from Reference 4-4:

™ D2 N

) t
€9 4" 576

a-e)

where D, is the tuft diameter in inches and N, is the number of tufts per square inch,
it follows that the emittance of the flocked siée equals , 037, It follows that the radiation
interchange factor

( 1 i
— _)
€ €
1 2/ __ 0.0145
N-1 N-1
The solid conduction through the Superfloc is as given in Table C-2 (from Ref, 4-4).

3 =
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Table C-2. Solid Thermal Conductivity of Superfloc Actal

Node Layer
Temperature Thermal Conductivity No. No.

(R) (Btu/hr ft R) ® 61

-6 59

0 0.807 x 10 57

200 0.884X 10 55

400 0.970 x 10~ ———=

600 1.050 x 10 o
Seams. The insulaticn is placed on the tank in 40° :;
gore sections with a total seam length of approximately 43
160 ft/blanket layer. The seams of the two blanket ©) a
layers are offset and are estimated to have a seam 39

a7

35

33
32

width of 0.067 in, The equation describing the seam
heat transfer is (see Ref. 3-2):

. 4 4
= folT” -
q !S 6S o ( H TC) @ 31
29
‘where Z
4 = seam length, ft 23
S ©) 21

19
17
15

és = geam depth, ft

f = dimensionless function of the butted joint to 13
depth ratio (f = . 0112 for 1/16 inch width) ©)] n

9

It follows that - 3. A = - .000933 ¢ 7
1j 1 8 5

3

Blanket Attachments and Supports. In all cases the 0 f

blankets are assumed attached together by twin pins
and grommets as reported in Reference 3-2. Each
pin and grommet combination has a cross section
area of . 00855 inch® and a length equal to 1 in,
These pins are made of PPO 534, Table C-3 is the temperature versus thermal con-
ductivity of PPO that was used. There are 324 pin-grommet combinations per layer of
insulation,

Figure C~1, Nodal Network for
2 Inches of Superfloc

The blankets of each system are supported by 27 support Eins made of unidirectional
fiberglass each having a cross sectional area of 0.0207 in . The length of each pin
extends the entire thickness of the insulation blanket, Table C-4 is the temperature
versus thermal conductivity that was input into program P5431.

Purge System, The systems, internal fairing, internal and external manifold, and
external manifold with no support cage, use purge pins. In each case the pin extended

C-2



Table C-3. Thermal Conductivity of Table C-4, Thermal Conductivity of

Polyphenylene Oxide (PPO) Fiberglass 181 "E"
Temperature Thermal Conductivity Temperature Thermal Conductivity
(R) (Btu/hr ft R) R) (Btu/hr ft R)

30 .028 30 .09
80 . 050 100 .13
100 . 056 200 .20
150 . 069 300 .25
200 .076 400 .28
300 .086 500 .29
400 . 097 600 .29

500 .108
600 .118

the total thickness of the insulation 2 in. The purge pins are made of Polyphenylene
Oxide (PPO). The internal and external purge bag systems have no such extra pene-
tration through the insulation. Similarly the flexible,evacuated insulation system has no
benetrations that result because of the purge system. The evacuated system with the
rigid shell has six support struts connecting the tank to the rigid vacuum shell. The
added penetrations of all the systems are summarized in Table C-5.

Table C-5. Insulation Penetrstions of S=lecied Purge System

Number 2Area -4 Length
System Penetration N (Ft x10 ) (Ft) Material
1 Purge Pins 31 . 783 17 PPO
2 Purge Pins 31 . 597 .17 PPO
3 Purge Pins 31 . 597 o 17 PPO
4 - - - - -
5 - - - - -
6 Purge Pins 31 . 597 .17 PPO
7 Support Struts 6 6.2 1.0 Fiberglass
8 - - - - -

Thermal Performance in a Space Environment. The difference in thermal performance
between the eight different systems is small when the systems are in a space environ-
ment, This is indicated in Table C-6. This table was developed by first analyzing

1 £t2 of insulation on the computer and then multiplying by the average surface area as
given in Table C-1, Each system however was assumed to have the same number of
pins. Three runs were made. Run 1 considered the insulation alone, Run 2 considered
the insulation with seams while Run 3 considered the insulation with seams and pins,

In each case the temperature constrainis were 525R and 37R. The results of these
three runs indicated that for the first 7 systems

C-3



Table C-6. Heat Flow Comparison for Selected Insulation Systems in
a Space Environment

System Heat Flow, watt (Btu/hr)
No, Type Insulation { Seams Pins Penetra. Total
1 Fairing 10.5 9.7 7.2 .59 28.0
2 External Manifold 10.0 9.2 7.2 .45 26.9
3 Internal Manifold 10.5 9.7 7.2 .45 27.9
4 Internal Bag 10 9.2 7.2 - 26.4
5 External Bag 10 9.2 7.2 - 26,4
6 External Manifold 10 9.2 7.2 .45 26.9
7 Rigid Shell 10.1 9.3 7.2 .10 26.7
8 Flexible Shell 15 6.8 4.8 - 26.6

. 0327 Btu/hr ft2 is through D-G-K Superfloc = 38%
2
.0300 Btu/hr ft~ is through 1/16-inch wide seams = 35%
. 0234 Btu/hr 1t is through the blanket attachment and support pins = 27%

For the eighth system it was assumed that MLI had an effective thermal conductivity
2.2 times that calculated for Superfloc (Ref. 4-6). However, since for this system

3 in. of insulation instead of 2 in, were used, this implied that the heat flux through

the open-cell foam MLI would only be 1,47 times higher than that of the Superfloc insu-
lation. Also, because this system was thicker the heat flow through the seams and
pins was less than that for the other seven systems.

The purge pins were analyzed on the computer for the fairing system based on the full
scale analysis given in the next paragraph. The heat flow through the remaining purge
pins was determined by simply adjusting the resistance due to the difference in cross
section area (see Table C-5). This simplified analysis was justified due to the relatively
small contribution of these pins. A more detail analysis was then made to determine

the actual heat flow to the 105 in, tank under space environment conditions.

The detailed analysis was made assuming the fairing system will be utilized. The
outer layer of insulation was constrained to 525R, while the tank was constrained to
37R except in the ullage section. The liquid level in the tank assumed an ullage volume
of approximately 3%. The ullage section is connected to a support stand by two tubes
which are the fill /drain line and the vent line., It was assumed that this support
stand was constrained at 520R at the location where the vent line and fill /drain line
made contact with the support structure. The outer tubing was covered with 2 in, of
D-G-K Superfloc. Gas was considered to be vented and therefore convection hetween
the gas and the two lines was considered. The results are given in Table C-7,

C-4



Table C-17.

Heat Flow to the 105 Inch Tank

Heat Flow to Tank, wat: (Btu/hr)

Run Ullage Section | Remainder | Total

Gas Temp. at
Tank Exit
(Node 70) K (R)

1 Insulation Neglecting
Convection

2 Insulation and
Convection

3 Insulation and Seams
and Convection

4 Tnsulation and Seams
and All Pins and
Convection

32.65 9.52 42.2
8.06 9.52 17.6
8.35 16,94 25,29

11.90 20.78 32.17

-

37.175

37.178

37.21

A breakdown was again made to determine the importance of the various sources of
heat leakage to the tank. Neglecting the heat flow down the fill line and vent line by
conduction the heat flow through the insulation system was:

gBtuZh_r) Percent of Total

Heat Flow
Heat Flow Path
Superfloc Insulation 11.1
1/16 Inch Wide Seams 7.7
Twin Pin and Support Pins 6.8
Purge Pins _0.59
26.2

42.3
29.4
26.0

2.3

100.0




APPENDIX D
THERMAL MODEL COMPUTER INPUT — FINAL DESIGN

This sectio gives the input to the Convair thermal analyzer used to generate the re-
sults outlin :d in Section 10.2. The input tables of the material conductivities are

given on Page D=1. These tables are valid for both Region 1 (below liquid level) and
Region 2 (above liquid level). The nodes used in Region 1 are given on Page D-2 while
the resistances are given in Pages D=2 through D-5. On Page D-6 are the nodes used
in Regicn 2. The remaining part of the appendix gives the resistances used in Region 2.

Table 1. PRD 181 Across the Fibers Table 2. PPO (Figure 3-17)
(Unpublished DuPont Data)
Temp (R) K
Temp (R) K 0. «028
27, 38 80 . «059
nrc. 055 17d. - 155
20C, .08U 150 o(FQ
230 10°% zgg° 'E;:
400G, «118 N ¢ ¢
cgc. .122 Lao. «£97
gre, 122 500 21019
6003 «114

Table 4. Unidirectional Fiberglass

Table 3. Superfloc (Figure 4-11)* (Unpublished Convair Data)
Temp (R) K Temp (R) K
0. 0807F'6 30. 012
?Uﬂ. .BSHE-G 130. 017
'403. OQTKF"’ 2000 026
6000 100" F‘ﬁ ?UU. -33
L330. 27
£nC. « 38
0. «38
Table 5. Aluminum (Ref, 10-~4) Table 6. CRES (Reference 10-4)
Temp (R) K Temp (R) K
‘U—‘,. 30- 3!;. 1 ."
f0 e 47, 50, 242
11[‘ L] 50. 110 . l’.o
160 59. 160, 5,2
2F0 o 71, 210, &N
360 . 85, 310. 7.1
460. 3. 610, 7.9
560. 100, 535, 9.0

* The data shown were derived from Figure 4-11, The values shown however
represent only the conductive portion of the effective conductivity.
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Nodes Used for Region of Tank
Containing Liquid (See Figure 10-1)

Node Type Temp Node Type
i 2 37 i1 1
2 1 100, 12 1
3 1 i00. 13 1
L 1 100, 14 2
5 i 100. 16 1
6 1i 130. 16 1
7 1 100, 17 1
8 i 100, 18 1
9 1 100. 19 1

16 1 100. 20 2

Node 1 is the tank.

Temp Node Type Temp
100. 21 1 500.
130, 22 1 400.
190, 23 1 300.
530, 2h 1 230,
500. 25 1 100.
400. 26 2 530.
300, 27 1 500.
200, 28 1 400.
100. 29 1 3008.
530. 30 1 200.

Node 14, 20, 26 are the outer layer of insulation.

Resistances for Region 1

A. Lateral conduction along fairing
made of PRD,
Node Node £/A. ft~1 Input Table
2 3 192.¢€ -1
3 4 £7.12 -1
4 5 31,33 -1
5 6 27.22 -1
6 14 19.24 -1
7 8 19,24 -1
8 9 19 .2‘0 -1
9 10 19.24 -1
17 i1 ?27.23 -1
11 12 3174 -1

where L is the distance between nodes and

A, is the mean cross sectional area of the

fairing between the two nodes. See Table
D-1 for values of £ and A, for each node.

D-2

B. Radiation between tank and fairing.

Tank Node Fairing Node -FA
1 2 "0091
1 3 -e601
1 L ’0913
1 q '.90
1 6 -+906
1 7 ‘.7‘01
1 8 -oThi
1 9 '.7‘01
1 10 -0906
1 11 -+970
1 12 -.416

1 1 -1
where F —(—E-I; + e 1)

and A is the surface area of each fairing
node (Table D-1)

€ (emittance of aluminum tank at 37°R)
3

L

€ F (emattance of the PRD fairing) = .85



Node

O W -3 W

10

12

C.

Surface
Area, in2

441
2909
4410
4350
4380
3580
3580
3580
4380
4350
2010

Table D-1

Fairing System for Region 1

£
Distar.ce to

Adjacent Node, in

22,15
22.15
14,75
14.75
10.71
10.71
10.71
10,71
14.75
14.75

GKG Superfloc radiative resistance,

Node —# Node

2h
27
28
29
39
13
13
13

20
21
22
23
24
25
25
25
2%
2¢c

i
1%
16
17
18
19
19
19
19
19

27
28
29
30
13

-FA ft2

-s0U3
-« 43
"006‘05
‘005“5
0714
ey
_02929
-a222

'0109
'.109
~e164L
o164
-+182
-+1802
’03606
'-“Qlo
- 4350
-,2220

-0108
-.108
~e162
-e162
‘0179
-s2024
'ou380
~olih10
-+ 3605
’01802

D-3

A¢
Mean Cross
Section Area, in2

1.38
2,96
5.65
6.5

6,68
6.68
6.68
6,68
6.5

5.58

Lower Region
of Tank
A AV = 44,4 ft2

Lower

Middle Region
of Tank

A =113 ft2

Upper

Middle Region
of Tank

A =112 ft2

FA

.091
.601
.913
.90

. 906
.741
. 741
. 741
. 906
.90

. 416



where F =

-1
(..1_ + .E_ - 1)
€ €
N-1

and A is the surface area of each node.

Figure 10-3.
€1 (emittance of unflocked side of Superfloc) = .025
€5 (emittance of flocked side of Superfloc) =,037

For surface area of nodes 2 through 12 see Table D-1,

D. Superfloc solid conductive resistance.

Node

26k
27
29
29
343
12
13
1

20
21
22
23
24
25
25
25
o
25

14
15
16
17
18
ig
19
19
i9
19

Node f/A [ft-ll

27
29
29
30

13
2

£

19

10
11
12

.9'0 E-3
94 F-3
062t; E.‘3
«Hh25 E-3
«5E5 F-3
«Q1 F-3
0138E'3
.181‘:‘3
1368 6'3
0366 F"’3
02“6 F'3
245 F-X
220 E-32
2.2? E""
10 12 F'“
091 E"l‘
.92 E"‘&
1082 F'lO
0373 E'E
0273 E'3
« 248 F“3
02'68 E'?
223 £=2
2,232 E-4L
1-116 E"Q
] 9123F"'-0
] OIGGF“‘Q
1.99 F-u

Input Table

-1
-1
-3
-3
-2
-3
-3
-3

-3
-7
-3
-2
-2
-3
-2
-
-2
-2

'
A () ) (A (Tt A A

The insulation was divided as indicated in

Lower Region

of Tank

Apgy =44 ' *2

Lower Middle
Region of Tank
Apy = 113 £t2

Upper Middle
Region of Tank

where £ is the distance beiween nodes (see Figure 10-3) and A is the surface area

of each node.
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E. Seans.

Node Node Resis
v 2% 28 ~eD114
28 13 -.0100
21 22 -.012%
22 2% -.0124
14 16 ~e0125
16 19 -.0124%
where Resis = - #g 64 f ‘ftzl where £ is the seam length (Table 10-1); g is

the seam depth which equals the thickness of an MLI blanket and f is the dimensionless
function given in Figure 10-4 (f == . 004 for 1/32 inch wide seams).

F. Purge pins and seam pins.

Node Node Resis Input Table
14 12 hE. -2 Grommet
14 12 72.5 -4 Grommet
12 1 275 -4 Support Pins
21 6 239. -? Purge Pin
25 4 219, -2 Purge Pin
26 2 2150, s Purge Pin

where Resis = £/AN Ift"ll where £ is the pin length, A is the cross section area
of the pin (see Table 10-2) and N is the number of pins (see Table 10-1),

G. Tank standoffs

Tank Node Fairing Node L /AN ft-1 Input Table
1 8 33,2 -1
1 12 25, -1

at fairing node 12 there are 18 standoffs which are 1" wide and . 02 inch thick and 1"
long. At fairing 8 there are 24 standoffs which are 1' wide, .02 inch thick and 1" long.

H. Twin pins made of PPO

Node Node Resis Input Table

76 2 Te7w -?

2t 22 74103 -2 Outboard
pREY it fFel9 -2

2R : 2‘30“2 "2

8 3 “2003 "2

2R 4 214317 -2

22 ¢ 21715 -2

29 ¢ 2.5 -n Inboard
22 / L24R7 -2

2? ¢ ‘-‘2.(.)? '?

1¢ S L2457 -C

16 1. 21.,31¢% -2

16 1 216 31% -2

15 1z L2403 -7
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where Resis = £/AN ft"lI where f is the length of the pin (1') and A is the cross
scctional area of the pin (Table 10-2) and N is the number of pins in a given region
(Table 10-1). For twin pins £/A = 770 ft-1,

Nodes Used in Ullage Section of Tank (See Figure 10-2)

Node Type Temperature (R) Node Type Temperature (R)
1 ? ’70 38 4 ':0.
) 1 £, 2q 4 L I
3 1 113, 4C 1 277,
4 1 190, 41 1 2770
« 1 102, 42 2 537
¢ 1 172, Wz 1 €11,
7 1 109, b 1 430N,
8 1 103 L5 1 121,
9 1 1r7, 4L+ 1 217,

10 1 127, L7 1 102.
11 2 17, LA 2 520,
12 1 103. 4La 1 £21.
12 1 117 50 1 L20.,
14 1 LU « 51 1 620,
1€ 2 537, 52 i 30,
16 1 20", 53 1 370,
17 1 200 5 2 533,
1e 1 €2 55 1 522,
19 1 299, 5¢ 1 450,
20 1 2070, 57 1 4.0,
21 1 219, 58 1 309,
22 1 200, 59q i e0n.
23 1 2113, AL i 100,
2L 1 200 . il b LC.
Pad 1 200, 2 1 4t
2F 2 27, n2 1 4C,
27 ] 53 L 1 6l
28 4 CCe hE i 6C.
29 4 0. 13 1 2] g
30 b4 57 A7 1 7C.
21 4 5Na 68 1 70,
3? 4 €0 AO 1 70
32 4 e 70 1 7¢C.
34 4 50 71 1 70.
5 4 €n, 72 1 70,
¢ Y 59, 77 1 70,
37 4 50,
Type 1 - A conventional conduction node.
Type 2 - A constrained temperature node.

Type 4 -~ A pipe-flow node.
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A.

Node

D@ NN E W

where { is the distance between nodes and

Resistance Values for Ullage Section of Tank

Lateral conduction along tank wall

and neck.

Node 12/A, ft-1

it « €915
2 1.46%
% 1oﬁlg
& 3.50

A 1.315
7 7.048
r 7347
7 17,355
1 9,017
1 9.917
12 1L.87F€
1= 9,917
16 4,950
15 4.059

B.
Input Tabie  Noue

-5 41
-5 41
-5 15
-5 17
-5 pX:)
-5 19
-5 29
-6 21
-6 22
-6 23
-6
-6
-6
-6

where

A, is the mean cross sectional area of the

tank wall or neck between the two nodes

{Table D-2).
Tank Surface
Node Area in2
1
2 1390
3 1390
4 1390
5 1291
6 438
7 173. 42
g8 607
9 59.8
10 59.8
11 59.8
12 59.48
13 49.8
14 29.9

Table D-2
System for Run 2

£ Distance to
Adjacent Node, ft

3.4
6.8
7.2
10.5
8.25
6.4
3.0
3.5/12
2/12
2/12
3/12
2/12
1/12
1/12

Lateral conduction along fairing.

Node Resis
4 13.42
i 2C.74
17 Jho81
17 44 ,¢3
10 7€.(6
p £F5.73
21 53,50
2®  2W.R7
23 20.t7
2 LS, PH

is = _!_ -1
Resis = A (ft-1]

A, is as given in Table D-3.

Mean Cross Sec-
tional Area, ft2 A

59.

55.7
47.5
36.0
75.3
10.9
4,9

2.42
2,42
2.42
2. 42
2.42
2,42
2.42

Input Table
-1

FA

. 2876
. 2876
. 2876
. 2672
. 0906
. 0359
. 01256
. 01238
.01238
- 0415
.01238
. 0692
. 0415



Fairing Surface Area
Node Ag,

24
23
22
21
20
19
18
17
16
4C
41

C.

Table D-3

Tank Ullage Sectio~

Cross
in2  Ag in2

117.8 . 785
157. .785
78.5 .785
108.0 .785
153 . 785
315.5 . 785
854. 1.42
1275 2.42
1550 2.93
1550 4.05
1550 4,65

Radiation through Superfloc

Node

L2
L3
L
LS
L&
L7
L7
47
L7
47

48
49
50
t1
52
53

53
53

5S4
55
56
57
58
59
59
59

Node Resis

4=
4t
L5
45
47
2L

2?

z2?
21
¢

yn
s

51
G
€S
15
17
55
56
ST
SR
€9
15
4
L1

-«00U13
-~eJCL13
-.B[GZ
‘IOCBZ
-.0CHO
-.01186
-+0158
-«d079
-.01087
~+0154

'oUiqg
‘001'010
~.0215
'00215
'002“0
-.02177

-.08599
-.1284

’03288
-.0288
‘.f}'-!32
--0&32
'00'080
~e1561
'01"”61
'.1561

Section Area Distance

L, in

L2

. » .
w o

m_«woocow»bwmw

oo !

Fairing
Tank .0145 x Ag .0333x 12
L /Acq, 1 2 Ag ft°1
.01186 . 00339
45. 86 .0158 . 00254
30.57 . 0079 . 00509
30.57 .01087 .00370
53.50 .0153 . 00261
65.73 . 03177 .00127
76.06 . 08599 . 000468
44.63 .1284 . 000313
34.81 . 1561 .000258
20.74 .1561 . 000258
13.42 . 1561 . 000258
Tank Neck
Region

Surface Area = 4. 27 ft2

Tank Wall
Upper Uliage
Surface Area = 14,9 ft2

Tank Wall
Lower .Ullage
Surface Area = 29.8 £t2



-1
1 1
(G * =Y

is = - 2 R o= _ _-0145
Resis = -FA [ft4] where T o = N

See Figure 10-3 for nodal breakup of insulation.
For area of nodes 16 through 24, 40 and 41 see Table D-3.

D. Solid conduction of Superfloc.

Node Node Resis Input Table
42 L ,Ccev -3
Lz O .cne? -2
ul W JO2E4R -z
LQS 14‘\ OUOFL’Q ‘3
L5 4" WO’ -2 Tank Neck Region
L7 2% 200329 -2 A = 4,27 £t2
47 27 +062F4& -2
47 2”7 «L(50¢ -2
L7 21 490370 -2
47 2 L.072¢1 -3
49 un 052771 -2
49 €. 079 -2
51 €1 .0J1%€ -3
51 €2  .30117¢ -3 Tank Wall
52 €% L001K7 -3 Upper Ullage
53 pAN MN0127 -7 A=14 9ft2
53 17 «T0C4R3 -3 :
ez 17 0060313 -3
54 €5 1.4 €E-3  _q
55 € 1.6 E-3  _q
56 57 .G3E-3  _3
57 e: .CG3F-3 -7 Tank Wall
t8 5 J8LF-3 -2 Lower Lllage
59 1A 000258 -3 A = 29.8 ft2
59 4 .000258 -2
59 41 . 000258 -3
Resis = &/A
See Figure 10-3 for nodal breakup of insulation.
E. Seams (1/32 inch wide)
Node Node Recis From Table 3
42 yse =37 E-4 S
L L7 «~3,7 E~4 g = 1.17% 1t
43 5 =F.8 F-3 i = 20.€fi
50 5% <=f.23F-3 I = 1.9 1
5L €h =S5,( E-T ig = 15,0 ft
56 €1 =4 ,B6F=-5 45 = 14.62 ft

Resis = £gdgf=~.004 £gdy fur fg = 1 inch; Resis = -, 333 1 107° g
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F. Pins,

Node Node Resis Input Table
42 2% 358 -2
u? 4 154, -2
Ly 2 334, -2
L3 € 14,2 -2
50 17 64,2 -2
) 19 BL,2 -2
t3 i7 €L 2 -2
54 41 240, -2
Sh €5 214 -2
56 15 128, -2
ch 4 128. -2
56 4+ 128. -2
where Resis = 1
AN

Fol values of £, A, and N see Table 3.

For twiu pins £/A = 770 ft-1

For support pin with grommet (node 42 to 24 &/A = 1070 ft~1
For purge pin (node 54 tc 41) £/A = 2150.

G.  Standoff.
Node Node Resis Input Table
5 17 56.6 -1

Resis = {/AN ft~1

L = 1,70 inch
A = .03 inch?
N = 12

H. Radiation between tank and fairing.

Tank Node Fairing Node Resis
2 K1 -.287F
kY  -.2876
L 1‘) '02876
5 17 -.2672
5 18 -.090A
7 139 -.0359
8 20 -.01256
9 21 -.0415
10 22 -.0415
11 23 ~=.0415
12 s -.0415
13 15 -+ C4EL
13 26 -«0230
14 15 -.0277
16 2t -.01348
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Resis = FA €x = emittancc of heat cxchange (Node

A is surface area of tank nodes (Table D-2) 11)=.1
-1
F = (_l. - _1) €CRES = -1 (nodes 9, 10, 12)
€l €2

€a] = + 03 (nodes 2 through ) €CRES = -2 (nodes 13 and 14)

€ = .85 (nodes 11, 10, 16 through 24) €15 = 1.

I. Solid conduction between support structure 15 and end cap 24.
Node Node Resis Input Table
15 24 205.6 -6

Resis ~ £/AN [ft'lll = 4"
A -7 (5/16)%/4 in2
N -3

J. Solid conduction between end cap and tank neck (12).

Node Node Resis Input Table
12 60 6,2 -1
60 21 4,68 -1
24 25 6.85 -1

Resis = £/A;.  See figure below for details.

Node Dy D; Dy, Agin’
60 10.8 6.3 7.8 2.90
24 15,3 10.8 10.8 3.85

25 22.3 15.3 15.3 5.25

Node—¥| 25 24 60 12 Ac = Aclplate * Ac)stringer

Ac)stringer = 1% -15 %3 =.45 in2

Ac)plate = 7 X D x thickness =

7rxDx.1
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K. Radiation between environment and end cap.

Node Node -FA [£t?]
f‘n lr‘ - 0‘0197
24 1 -.hlL0k
2‘-) 15 -1. L3¢

F = € Assume ecual to 1.0.

area associated with each node, see figure in Part J of this appendix.

A =|r(D,? - D;2) / 576

L. Conduction along fill and drain line.

Node Node £/A Input Table
1 i 1.9 -1
61 €2 3.8 -1
62 63 32.8 -1
63 64 32.9% -1
64 R5 I3 8 -1
65 6h 21.2 -6
6 h &7 18.5 -6
57 3 18,5 -6
58 69 10.6 -f
69 7% 19,5 -6
Te 71 23.8 -6
71 72 1.6 -6
T2 73 5e3 -f
73 15 £.3 -6

The bottom part of the F/D line is made of PRD and has a cross sectional area of
.00988 ft2. For the stainless steel top part A, = .01574 fi2.

M. Heat capacity of venting hydrogen gas.

Node Node 1/(mCp)

26 27 2.5%

27 28 2.55

28 29 2.55

29 29 2.5% For GHy Cp = 2.5 Btu/lbyR

30 31 2,55

31 22 2.55 Hgo = 191 Btu/Iby,

32 33 2.55%

32 34 2455 Assume Q = 30 Btu/hr
35 2,55

-;; 25 2,55 m = Q/Hfg= . 157 lbm/hl‘

36 37 2.55 _
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N.

Radiation between F/D line and tank.

Node Node -FA [ft2)
14 77 -4022 _ L 1 -1
13 7 -.022 S M
12 7 -.023 Assume € = .25
11 ? -«03 both of stainless steel
13 £ ‘0033 61‘=.25
9 6“ ’19?3
R F7 ~-o022 . .
v g —.phy A is the area of the F/D line (Table D-4)

Table D-4
Surface Area of Fill Line Nodes

Node Surface Area in?
61 47.12
62 47,12
63 47,12
64 47,12
65 44,0
66 44,0
67 33

68 33

69 33

70 33

71 33

72 22

73 22

Radiation between inside of tank and liquid.

Tank Node Liquid Node -FA

2 1 -.208

3 1 ‘0288

“ 1 '0288

5 i ‘0268

8 1 ‘0091
F =(?1- + —1— -1)—1 Assume eT =,03

T  liquid
= 1. 0
€ liquid

A is area of tank node (Table D-2).
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P.  Convective heat transfer between venting GHo and the /D line or the tank wall,

Node Node 1/A [£72] ¢ & T Ny Np
61 Z” 3.05¢ 1 & be 32.,21.£39 .555 .13
62 2f’n 3.[‘56 1 4 bo 2.210E39 .'555 013
£3 2N 1,(05¢ 1 b 12+ 32.21.F39 ,555 .13
6h 2 3.05¢6 1 4 164 32.21.E39 .555 ,13
65 R 2,27 1 4 20 32.21.F79 555 ,13
66 2 1,74 1 4 24, 3?2,21.,E39 ,t55 .13
A? 2z 4, 2A 1 b 27. 32.21.F)9 .65 ,L,13
€8 3y ‘1o 2H 1 [ 3Ue 32421.FE2C ,E5E 013
~9 35 L6 1 b 33, 32.21.F19 .556 .13
71 35 bLe3h 1 4 36. 32.21.F09 .E55 .13
71 2 4,36 i b 79, 32.21.E719 ,55% .12
72 3 .5 1 4 41, 32,.21.E729 .E5C L1132
3 2N F.EE 1 4 43. 32,21.F)9 .%5% ,13
2 44 «112¢ i 4 be 32.21.E0G ,E5E «13
3 2” 01036 1 4 8. 32.21.‘:39 05':): .13
4 R «103€ 1 4 12, 32.21.E29 ,t55 «13
5 3 «1115 i 4 164 372.21.F318 .5 L13
6 1 L32¢ 1 4 20. 32.21.%19 .555 ,13
7 32 <830 1 4 24, 32.21.F09 ,t55 ,13
3 37 2.372 i 4 27+ 32.,21.F39 ,6556 .13
3 I, 2.408 1 4 30. 32.21.E399 555 ,L13
19 3= 2.408 1 b 3I3. T2.21.509 555 13
11 *x 2.40¢ i 4 36s 32.21.E99 €55 L13
12 3Ir 2,408 1 4 39, 32.21.E09 .555 .13
13 34 2.89 i 4 L1le 32421.F29 .55% ,13
14 7 4,91F b 4 43, 32.21.E0G6 .55 ,1i3
2 = characteristic length ([in]
g = acceleration [ft/sec?]
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